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FOREWORD 
The purpose o f  t h i s  program, "Long-Term S t a b i l i t y  and Proper t i es  o f  
Z i r c o n i a  Ceramics f o r  Heavy Duty D iese l  Engine Components," Contract  DEN3-305, 
was t o :  (a)  cha rac te r i ze  t h e  p e r t i n e n t  phys ica l ,  mechanical, and thermal 
p r o p e r t i e s  o f  a v a i l  a b l e  t e c h n i c a l  grade transformation-toughened z i r c o n i a ;  
(b )  r e l a t e  t h e  p r o p e r t i e s  t o  t h e  m a t e r i a l  m i c r o s t r u c t u r e  and phase assemblage; 
( c )  assess t h e  s t a b i l i t y  o f  t h e  m a t e r i a l s  a f t e r  long-term s t a t i c  exposure a t  
h igh  temperature; and ( d )  assess t h e  a b i l i t y  o f  f o r e i g n  and domestic s u p p l i e r s  
t o  produce component shapes s u i t a b l e  f o r  s t r u c t u r a l  a p p l i c a t i o n  i n  a heavy- 
du ty  d iese l  engine. 
The authors acknowledge t h e  support  o f  t h e  DOE, Mr.  Ed Gregory, O f f i c e  o f  
Vehic le  and Engine Research and Devel opment , and t h e  NASA-Lewi s Program 
Manager, M r .  James C. Wood ( f o r m e r l y  M r .  Richard Lancashire and M r .  Harry 
Davison), Vehicu lar  Gas Turbine and Diesel  P ro jec t  O f f i ce ,  Energy Technology 
D i v i s i o n .  
Thanks are  due Coors Porce la in  Company f o r  c o n t r i b u t i n g  t e s t  samples t o  
t h i s  program. The p r i n c i p a l  con tac t  a t  Coors was Dr .  B r ian  Seegmil ler .  The 
coopera t ion  o f  t h e  o the r  m a t e r i a l  vendors i s  a l s o  appreciated. They were 
M r .  Rudy Va l lee  o f  Ni lsen,  Messrs. Ken Umehara and K e i t h  Matsuhiro o f  NGY, and 
D r .  D i e t e r  F i n g e r l e  o f  Feldmuhle. 
The authors a r e  g r a t e f u l  f o r  t he  h e l p f u l  d iscuss ions  and a c t i v e  c o l l a b -  
o r a t i o n  w i t h  several  people w i t h i n  t h e  ceramics community on var ious  aspects 
o f  transformation-toughened z i r con ia .  Special  ment ion i s  made o f  Dr .  L i s e  
Sch io le r  o f  AMMRC, Dr.  Robert Ruh o f  AFWAL, Dr .  Paul Becher o f  ONRL, Dr .  
Robert  I n g e l  o f  NRL, and Dr.  B r i a n  Lawn o f  NBS. A d d i t i o n a l l y ,  O r .  J i m  Pat ten  
and Mr .  Tom Yonushonis o f  Cummins Engine prov ided va luab le  i n s i g h t  from t h e  
des igne r ' s  s tandpoint .  
Th is  i s  t h e  f i n a l  r e p o r t  on t h i s  con t rac t .  It i s  designated i n t e r n a l l y  
as IITRI-M06117-22, and covers work performed over t h e  January 1983-December 
1984 t i m e  per iod .  The exper imental  ass is tance o f  G. T. Jeka and 3 .  Graf -  
Teterycz i s  g r a t e f u l l y  acknowledged. A d d i t i o n a l l y ,  t h e  au thors  a re  indebted  
t o  H. Buhay and J. L. Gr ieser  f o r  p la t i num c o a t i n g  o f  thermal d i f f u s i v i t y  
samples. 
Respectful  l y  submitted, 
ARCH INSTITUT 
de*&- 
ITavid C. Larsen 
Senior Research Engineer 
V J a n e  W .  Adams 
Associate Research Engineer 
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The purpose o f  t h i s  work was t o  ( a )  c h a r a c t e r i z e  t h e  p e r t i n e n t  phys i ca l ,  
mechanical , and thermal p r o p e r t i e s  o f  t e c h n i c a l  grade transformat ion-toughened 
z i r c o n i a ,  (b )  re1 a t e  t h e  p r o p e r t i e s  t o  t h e  ma te r i  a1 m i c r o s t r u c t u r e  and phase 
assemblage, and ( c )  assess t h e  s t a b i l i t y  o f  t h e  m a t e r i a l s  a f t e r  a long- te rm 
s t a t i c  exposure a t  h igh  temperature t h a t  i s  app rop r ia te  f o r  d i e s e l  engine 
a p p l i c a t i o n .  
The m a t e r i a l s  i n v e s t i g a t e d  were NGK 2-191 Y-TZP, N i l s e n  MS and TS Mg-PSZ, 
Feldmuhle ZN-40 Mg-PSZ, and Coors Mg-PSZ. 
1000°C i n c l  uded f l  exure s t r e n g t h  , e l  as t  i c modul us , f r a c t u r e  toughness, creep , 
thermal shock, thermal expansion, i n t e r n a l  f r i c t i o n ,  and thermal d i f f u s i v i t y .  
S t a b i l i t y  was assessed by measuring t h e  r e s i d u a l  p roper t y  a f t e r  1000 hr/1000"C 
s t a t i c  a i r  exposure. A d d i t i o n a l l y ,  s t a t i c  f a t i g u e  (s t ress - rup tu re )  and t h e r -  
mal f a t i g u e  t e s t i n g  was performed. 
P roper t i es  measured from 25" t o  
Unique X-ray d i f f r a c t i o n  and etched r e f l e c t e d  l i g h t  microscopy c a p a b i l i -  
t i e s  were necessary t o  separate and d i s t i n g u i s h  t h e  t h r e e  c o - e x i s t i n g  c r y s t a l  
phases i n these t r a n s f o r m a t i  on-toughened z i  r c o n i a  (TTZ) m a t e r i a l s .  The MgO- 
s t a b i l i z e d  m a t e r i a l s  were found t o  c o n s i s t  o f  ma in l y  l a r g e  (50-100 urn) c u b i c  
g ra ins ,  w i t h i n  which t h e  me ts tab le  te t ragona l  phase i s  an i n t r a g r a n u l a r  pre- 
c i p i t a t e  d ispers ion .  X-ray d i f f r a c t i o n  i n d i c a t e d  a composi t ion c o n s i s t i n g  o f  
nomina l l y  and t y p i c a l l y  58% cubic,  37% te t ragona l ,  and 5% monocl i n i c .  The 
Y203-stabi l  i z e d  m a t e r i a l  cons i s ted  o f  nomina l l y  f u l l y  t e t ragona l  p o l y c r y s t a l s  
o f  average s i z e  i n  t h e  range 1-5 urn ( i .e.,  s ingle-phase f i n e  g r a i n  t e t r a -  
gonal ). 
The f a s t  f r a c t u r e  4 -po in t  bend s t r e n g t h  was measured a t  25", 500°, 750°, 
and 1000°C. The f i n e - g r a i n  NGK Y-TZP has t h e  h ighes t  s t r e n g t h  (-130 k s i ) .  
The room-temperature Wei b u l l  moduli  a re  re1  a t i v e l y  h i g h  f o r  s t r u c t u r a l  ceram- 
i c s  (m -20). Th is  i l l u s t r a t e s  t h e  g rea te r  a l l owab le  de fec t  s i z e  as t h e  f r a c -  
t u r e  toughness i s  increased. The predominant f r a c t u r e  o r i g i n s  f o r  a l l  f o u r  
Zr02 m a t e r i a l s  i n  t h i s  study were l a r g e  pores and pore agglomerates. It i s  
s i g n i f i c a n t  t o  n o t i c e  t h a t  t h e  f l e x u r a l  s t r e n g t h  o f  a l l  m a t e r i a l s  decreased 
x i  x 
l i n e a r l y  w i t h  temperature (50-70% s t r e n g t h  r e d u c t i o n  a t  1000°C). 
i n t e r p r e t e d  i n  terms o f  increased s t a b i l i t y  of t h e  metastable te t ragona l  phase 
w i th  i n c r e a s i n g  temperature. 
mechanism o f  overaging, o r  p r imary  tetragonal-to-monoclinic ( t  -+ m) t r a n s f o r -  
mat ion  (and r e s u l t a n t  l o s s  of p r o p e r t i e s )  upon extended e leva ted  temperature 
exposure. This was a l so  i n v e s t i g a t e d  on t h i s  program. The r e s i d u a l  room- 
temperature bend s t r e n g t h  a f t e r  1000 hr/1000"C exposure was measured. Y-TZP 
i s  much more s t a b l e  w i t h  respect t o  t h e  overaging phenomenon. 
t e s t s ,  o n l y  7% o f  t he  s t r e n g t h  was l o s t  f o r  Y-TZP a f t e r  1000 hr/lOOO°C expo- 
sure. The Mg-PSZ m a t e r i a l s  experienced 30-70% s t r e n g t h  reduct ions.  X-ray 
d i f f r a c t i o n  analyses c o n f i r m  t h a t  t h i s  i s  an overaging phenomenon ( l o s s  o f  
t e t ragona l  phase). However, XRD r e s u l t s  a1 so i n d i c a t e  t h a t  d e s t a b i l i z a t i o n  
( l o s s  o f  c u b i c )  and decomposit ion phenomena a r e  a l s o  i nvo l ved  i n  t h e  long-term 
e leva ted  temperature degradat ion o f  Mg-PSZ mate r ia l s .  
Th i s  can be 
Th is  i s  no t  t o  be confused w i t h  t h e  r e l a t e d  
I n  t h e  c u r r e n t  
The dynamic e l a s t i c  modulus o f  t h e  four as-received m a t e r i a l s  was found 
t o  decrease from approximately 29.5 x 106 p s i  a t  room temperature t o  -23 x 106 
p s i  a t  1000°C. The r e s i d u a l  e l a s t i c  modulus a t  25°C was no t  a f fec ted  by t h e  
1000 hr/1000"C ag i  ng exposure. 
S t rong evidence o f  major m i c r o s t r u c t u r a l  changes was observed f o r  d l l  Mg- 
PSZ m a t e r i a l s  a f t e r  t h e  1000 hr/100O0C exposure. This was r e a d i l y  seen i n  
thermal expansion curves o f  t y p i c a l  Mg-PSZ m a t e r i a l s  b e f o r e  and a f t e r  aging. 
There i s  s t rong evidence f o r  increased monoc l in ic  phase i n  the  exposed sam- 
p les ,  i n d i c a t i n g  t + m t rans format ion  t o  e x p l a i n  t h e  l o s s  i n  p roper t i es .  
s i s t e n t  w i t h  i t s  m i c r o s t r u c t u r a l  s t a b i l i t y ,  t h e  Y-TZP showed no evidence of 
monoc l i n i c  phase i n  the  thermal expansion behavior. Ref lec ted  l i g h t  micro- 
graphs are s i m i l a r l y  i n t e r p r e t e d .  X-ray d i f f r a c t i o n  r e s u l t s  con f i rm  t h e  
deg r ada t i o n mode. 
Con- 
The f r a c t u r e  toughness was measured by t h e  i nden ta t i on -s t reng th  method, 
and t h e  r e s u l t s  were s i m i l a r l y  i n te rp re ted .  
o f  t h e  Y-TZP was 25% lower  than t h e  average va lue  f o r  t h e  t h r e e  Mg-PSZ mate- 
r i a l s .  
decrease was 54-63%. For Y-TZP, t h e  1000°C toughness was 70% lower  than a t  
ambient room temperature. This i l l u s t r a t e s  t h a t  t h e  f r a c t u r e  toughness i n  
Room-temperature values o f  as- 
rece ived  m a t e r i a l s  ranged f rom nomina l l y  7.9 t o  11.6 MPa'm1 / 2. The toughness 
Toughness (K,) decreased t o  2.5-5 MPa'm1/2 a t  1000°C. For  Mg-PSZ t h i s  
xx 
bo th  Y- and Mg-PSZ decreases s i g n i f i c a n t l y  w i t h  temperature as t h e  te t ragona l  
phase becomes more s tab le .  The res idua l  room-temperature f r a c t u r e  toughness 
a f t e r  1000 hr/lOOO°C exposure was approximately 6.3-7.4 MPa*m1/2 f o r  bo th  Y-  
and Mg-PSZ. 
posed cond i t i on .  For Y-TZP, t h e  room-temperature f r a c t u r e  toughness decreased 
o n l y  6% a f t e r  1000 hr/100O0C exposure. 
s t r e n g t h  changes w i t h  temperature and exposure. 
For Mg-PSZ, t h i s  represents a -30-501 r e d u c t i o n  f rom t h e  unex- 
These toughness r e s u l t s  p a r a l l e l  t h e  
The creep behav io r  o f  these m a t e r i a l s  was measured a t  1000°C. The Y-TZP 
e x h i b i t e d  over an order-of-magnitude h ighe r  creep r a t e s  than any o f  t h e  Mg-PSZ 
mate r ia l s .  Th is  can perhaps be exp la ined by h i g h e r  d i f f u s i o n a l  creep and 
g r a i n  boundary s l i d i n g  i n  Y-TZP r e s u l t i n g  from ( a )  g r e a t e r  g r a i n  boundary 
volume and ( b )  t h e  presence o f  a Si0,-rich g lassy  i n t e r g r a n u l a r  phase. 
ever, creep i n  bo th  Y-TZP and Mg-PSZ was n o t  a f fec ted  by t h e  1000"C/L000 h r  
s t a t i c  exposure. 
b l  age. 
How- 
The creep mechanisms are  independent o f  t h e  phase assem- 
Water quench thermal shock r e s u l t s  i n d i c a t e  t h a t  t h e  h igh  s t r e n g t h  mate- 
r i a l s  from NGK and N i l sen  e x h i b i t  t h e  h ighes t  AT, values  AT^ -40Oo-45O0C). 
However, a l l  f o u r  m a t e r i a l s  degrade t o  equ iva len t  l e v e l s  (aTC -275OC) a f t e r  
t h e  1000 hr/100O0C thermal exposure. 
Thermal d i  f f u s i v i  t y  was measured a t  room-temperature ( b o t h  be fo re  and 
Thermal d i f f u s i v i t y  f o r  TTZ i s  a f t e r  exposure) by t h e  l a s e r  pu l se  method. 
very  1 ow--nominal l y  11 x 10-3 cm2 sec-1. 
i n s u l a t o r  f o r  minimum heat r e j e c t i o n  o r  a d i a b a t i c  d i e s e l  engines. For t h e  Plg- 
PSZ and Y-TZP m a t e r i a l s  studied, t h e  thermal d i f f u s i v i t y  f o r  as-received mate- 
r i a l  o n l y  v a r i e d  +3%. The thermal d i f f u s i v i t y  o f  NGK Y-TZP was nomina l l y  2% 
h ighe r  than t h a t  o f  t h e  t h r e e  Mg-PSZ mate r ia l s .  Th i s  c o r r e l a t e s  t o  i t s  nomi- 
n a l l y  2% h ighe r  dens i ty .  Apparent ly,  t h e  w ide ly  d i f f e r e n t  g r a i n  s ize ,  dopant 
and phase conten t  o f  Mg-PSZ and Y-TZP do n o t  a f f e c t  t h e  thermal d i f f u s i v i t y .  
Therefore, i n  t h e  as-received c o n d i t i o n ,  commercial ly a v a i l a b l e  t rans fo rma t ion -  
toughened z i r c o n i a  m a t e r i a l s  have nomina l l y  equ iva len t  values o f  thermal d i f -  
f u s i v i t y  (and thus  a l so  thermal c o n d u c t i v i t y ,  s ince  t h e  d e n s i t i e s  are s i m i l a r  
and t h e  s p e c i f i c  heat i s  n o t  expected t o  vary s i g n i f i c a n t l y ) .  A f t e r  1000 h r /  
1000°C exposure, t h e  thermal d i f f u s i v i t y  increased s l i g h t l y  ( i n  general f rom 
3% t o  13%, corresponding t o  an increase i n  monoc l in ic  conten t  and associated 
Hence, i t s  u t i 1  i t y  as a thermal 
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microcrack ing  w i t h  overaging. The thermal d i f f u s i v i t y  o f  t h e  Coors m a t e r i a l ,  
however, increased by as much as 40% upon t h e  extended thermal exposure. 
These r e s u l t s  i n d i c a t e  t h a t  thermal d i f f u s i v i t y  i n  transformation-toughened 
z i r c o n i a  i s  more a f f e c t e d  by t h e  degree o f  mic rocrack ing  t h a t  accompanies any 
degradat ion  than by t h e  g r a i n  s i z e  and changes i n  phase conten t  per  se. 
S t a t i c  f a t i g u e  t e s t s  were conducted i n  f l e x u r e  a t  1000°C. For Y-TZP, i t  
was found t h a t  f o r  app l i ed  loads as low as 70% o f  t he  1000°C f a s t  f r a c t u r e  
s t rength ,  excessive deformat ion (>7%) was obta ined i n  -200 hr .  
Y-TZP s t u d i e d  on t h i s  program has a very s t a b l e  m ic ros t ruc tu re ,  b u t  e x h i b i t s  
severe creep deformat ion problems r e l a t e d  t o  i t s  f i n e  g r a i n  s t r u c t u r e  and 
S i 0 2 - r i c h  i n t e r g r a n u l a r  regions. 
The p a r t i c u l a r  
Much d i f f e r e n t  behavior  was obta ined f o r  t h e  Mg-PSZ m a t e r i a l s  i n  s t a t i c  
fa t igue.  A l l  such m a t e r i a l s  surv ived  f o r  per iods  o f  nomina l l y  2000 h r  a t  
1000°C w h i l e  under app l i ed  loads  o f  up t o  90% o f  t h e  f a s t  f r a c t u r e  s t reng ths  
a t  t h a t  temperature. This  i n d i c a t e s  t h a t  c l a s s i c  s t a t i c  f a t i g u e  mechanisms 
such as bu lk  d i f f u s i o n ,  c a v i t y  nuc lea t i on ,  creep f r a c t u r e ,  o r  s u b c r i t i c a l  
crack growth are  not  s i g n i f i c a n t l y  operable o r  performance-1 i m i t i n g  f o r  Mg- 
PSZ. However, a l l  Mg-PSZ m a t e r i a l s  so t e s t e d  f a i l e d  du r ing  subsequent 
furnace-cool  i n g  under load t o  room temperature a f t e r  t h e  successfu l  s t a t i c  
f a t i g u e  t e s t s .  A1 1 f a i  1 ures occurred a t  a furnace temperature almost p rec ise-  
l y  equ iva len t  t o  t h e  Ms temperature o f  each m a t e r i a l  (as seen i n  a thermal 
expansion curve, t h e  temperature o f  tetragonal-to-monoclinic phase transforma- 
t i o n  upon coo l i ng ) .  These r e s u l t s  a re  i n t e r p r e t e d  i n  terms of  t h e  m ic ros t ruc -  
t u r a l  s t a t e  o f  t h e  m a t e r i a l  a t  t h e  end o f  t h e  2000 hr/1000"C thermal exposure 
- -espec ia l l y  i n  regard t o  how much te t ragona l  phase i s  a v a i l a b l e  t o  t rans form 
t o  monoc l in ic ,  and how much remains te t ragona l  and merely becomes more metas- 
t a b l e  as t h e  temperature i s  decreased t o  ambient cond i t ions .  
Thermal f a t i g u e  t e s t s  were conducted by repeated c y c l i n g  (1115 t imes )  
f rom 25" t o  1000°C. The res idua l  s t r e n g t h  i n d i c a t e d  t h a t  t o t a l  t ime a t  e l e -  
vated temperature i s  t h e  parameter t h a t  c o n t r o l s  t h e  degradat ion.  Repeated 
c y c l i n g  through t h e  m a r t e n s i t i c  t rans fo rma t ion  reg ion  was no t  p a r t i c u l a r l y  
de t r imen ta l ,  even f o r  t h e  My-PSZ ma te r ia l .  Any degradat ion  t h a t  does occur 
appears t o  be r e l a t e d  t o  t h e  t o t a l  t ime a t  e leva ted  temperature. Repeated 
c y c l i n g  through temperatures where mic rocrack ing  occurs does n o t  cause 
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cumul a t i v e  damage. I n  f a c t  , Feldmuhl e ZN-40 Mg-PSZ e x h i b i t e d  compl e t e  
s t r e n g t h  r e t e n t i o n  a f t e r  t h e  thermal f a t i g u e  cyc les .  
An o v e r a l l  comparison o f  t h e  two major  forms o f  t ransformat ion-toughened 
z i r con ia ,  Mg-PSZ and Y-TZP i s  p rov ided below. 













Cubic with tetragonal precipitates 
Large grain size (-50-75 pm) 
Intermediate strength (90 k s i )  
50% strength reduction at 1000°C 
Expansion, elastic modulus - Y-PSZ 
Poor thermal stability - overaging 
30-702 strength reduction after 1000 hr/ 
lO0O~C 
Good creep resistance 
Creep unaffected by overaging 
Potential destabilization effects 
Good static fatigue behavior 













A l l  tetragonal 
Fine grain (1-5 pm) 
High strength (130 ksi) 
70% strength reduction at 1000°C 
Expansion, elastic modulus - Mg-PSZ 
Long-term stability at temperature 
Only 7% strength reduction after 1000 hr/ 
1ooo"c 
Thermal expansion unchanged 
Internal friction unchanged 
Potential degradation at 200°C (water 
vapor) 
Poor creep resistance (Si0 intergranular) 
Excessive deformation at temperature 
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For  Y-TZP, excess ive  creep de format ion  i s  t h e  long-term l i m i t a t i o n  o f  t h e  
m a t e r i a l .  For Mg-PSZ, a l l  f a i l u r e s  o r  d e f i c i e n c i e s  a r e  r e l a t e d  t o  unwanted 
te t ragona l  -to-monocl i n i c  phase t r a n s f o r m a t i  on. 
When cons ider ing  the  use o f  these m a t e r i a l s  i n  design of s t r u c t u r a l  com- 
ponents, t h e  ceramic t e c h n o l o g i s t  would be wise t o  cons ider  on l y  r e l a t i v e l y  
low temperature app l i ca t i ons .  
t o l e r a n c e  and h igh  Weibul l  modul i .  
h igher  p r o b a b i l i t y  o f  design acceptance compared t o  m o n o l i t h i c  ceramics. L i f e  
p r e d i c t i o n  methodologies should be based on t h e  phase s t r u c t u r e  (e.g. , t e t r a g -  
onal r e t e n t i o n )  r a t h e r  than s t r i c t l y  on f l a w  s ize .  
There, t h e  h igh  toughness of TTZ leads  t o  f l a w  
Therefore, these m a t e r i a l s  have perhaps a 
x x i  i i 
1, INTRODUCTION 
The p o t e n t i a l  b e n e f i t s  t o  be gained from t h e  use o f  ceramic components i n  
t h e  ho t  sec t i on  o f  d iese l  engines inc lude:  (a)  h igher  temperature opera t ion  
lead ing  t o  increased e f f i c i e n c y ;  (b )  decreased weight when compared t o  metal  
( supera l l  oy) components; ( c )  reduced dependence on s t r a t e g i c  m a t e r i a l s  such as 
chromium and coba l t ;  (d )  decreased complexi ty through t h e  use o f  non-cooled 
components; and (e) low thermal c o n d u c t i v i t y  components l e a d i n g  t o  lower  heat 
losses and thereby improved performance. 
The low thermal c o n d u c t i v i t y  o f  ceramics i s  o f  p a r t i c u l a r  importance, and 
has been success fu l l y  exp lo i t ed  i n  t h e  ad iabat ic  o r  minimum heat r e j e c t i o n  
d iese l  engine. The concept i s  t o  i n s u l a t e  t h e  high-temperature components o f  
t he  engine such as t h e  p i s t o n  cap, head p la te ,  va lve hardware, c y l i n d e r  l i n e r ,  
and exhaust por ts .  Add i t iona l  power and improved e f f i c i e n c y  r e s u l t  from t h i s  
concept s ince thermal energy normal ly  l o s t  t o  t h e  coo l i ng  water and exhaust 
gas (almost two- th i rds  o f  t he  energy i n p u t  i n  a convent ional  d iese l  engine) i s  
converted t o  usefu l  power through the  use of turbocompounding. By reducing 
t h e  l o s t  energy and e l i m i n a t i n g  the  need f o r  a convent ional  water-cool i n g  sys- 
tem, the  ad iaba t i c  d iese l  has been demonstrated t o  improve f u e l  economy and 
increase power output.  
This concept o f  an i n s u l a t e d  engine i s  o f  p a r t i c u l a r  i n t e r e s t  t o  the  DOE 
f o r  heavy-duty veh ic les  such as buses and t rucks.  
downsized as automobiles have been. 
proved fue l  economy i n  such heavy-duty engines i s  through advanced concepts 
such as the  ad iaba t i c  d iese l  engine. The long-range p o t e n t i a l  e x i s t s  f o r  t he  
development o f  such an engine us ing ceramic components i n  t h e  hot  sec t ion  t o  
achieve reduced noise, reduced exhaust emi ssions, and broader f u e l  to1  erance 
as wel l  as s i g n i f i c a n t  f u e l  economy improvement. 
Those veh ic les  cannot be 
Therefore, t h e  p re fe r red  rou te  t o  i m -  
The performance advances t h a t  have been achieved by the  ad iaba t i c  d iese l  
engine have l a r g e l y  been r e a l i z e d  through t h e  use o f  one gener ic  c lass  o f  
ceramic ma te r ia l  , p a r t i a l l y  s t a b i l  i zed  z i r c o n i a  (PSZ). 
ceramic has been successful i n  t h i s  a p p l i c a t i o n  f o r  two reasons: (a )  it 
This p a r t i c u l a r  
1 
possesses a very low thermal conduc t i v i t y ;  and (b )  s i g n i f i c a n t  increase i n  
f r a c t u r e  toughness has been a t ta ined  i n  t h i s  ceramic ma te r ia l  by a phenomenon 
known as phase transformation-toughening. 
w i t h i n  t h e  ceramics i ndus t r y  on transformation-toughened z i r c o n i a  (TTZ). 
Ceramic producers a re  beginning t o  supply newly developed m a t e r i a l s  t o  var ious  
engine demonstration and component development programs. 
appropr ia te  t ime t o  develop a data base f o r  such z i r c o n i a  ceramics. 
Much work i s  c u r r e n t l y  be ing done 
It i s  now an 
To t h i s  end, ob jec t i ves  o f  t h i s  program were: 
a c h a r a c t e r i z a t i o n  o f  the  p e r t i n e n t  thermal and 
mechanical p roper t i es  o f  commerci a1 and develop- 
mental z i  rcon ia  ceramics t h a t  a r e  c u r r e n t l y  a v a i l -  
ab le us ing standardized t e s t  methods and procedures 
e r e l a t e  the  p roper t i es  t o  the  ma te r ia l  m ic ros t ruc-  
t u r e  and phase assemblage 
8 assessment o f  t h e  1 ong-term m ic ros t ruc tu ra l  s t a b i  1 - 
i t y  o f  these ma te r ia l s  a t  e levated temperature 
Q assessment o f  t he  a b i l i t y  o f  both fo re ign  and 
domestic sources t o  produce z i r c o n i a  components 
s u i t a b l e  f o r  t he  intended appl i ca t i on .  
The program has provided an i n i t i a l  data base o f  thermal and mechanical 
p r o p e r t i e s  f o r  var ious commercially a v a i l a b l e  forms o f  TTZ. The r e s u l t s  
demonstrate t h a t  t h e  c r i t i c a l  techn ica l  i ssue f o r  these ma te r ia l s  i s  t h e  
var ious degradat ion modes t h a t  can p o t e n t i a l l y  occur upon extended e levated 
temperature exposure. Therefore, prevent ing phase changes du r ing  i n -se rv i ce  
environmental cond i t i ons  i s  t h e  key t o  r e t a i n i n g  t h e  a t t r i b u t e s  o f  TTZ, and a 
necessary cond i t i on  o f  i n s u r i n g  t h e i r  successful  s t r u c t u r a l  use i n  advanced 
ad iaba t i c  d iese l  engines. 
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What has made transformation-toughened z i r c o n i a  p o t e n t i  a1 l y  acceptable 
f o r  t h e  in tended engine a p p l i c a t i o n  from a s t r u c t u r a l  m a t e r i a l s  d e s i g n  stand- 
p o i n t  i s  i t s  h i g h  s t r e n g t h  and f r a c t u r e  toughness. High toughness l e a d s  t o  
f law t o l e r a n c e  and h i g h  Weibul l  modulus. T h i s  a t t r i b u t e  i s  a r e s u l t  o f  t h e  
unique phase assemblage o f  t ransformat ion-toughened z i r c o n i a ,  and how i t  i s  
c o n t r o l l e d .  The concept o f  t ransformat ion- toughening i n v o l v e s  a f i n e l y  d i s -  
persed metastable t e t r a g o n a l  phase t h a t  t rans forms t o  monoc l in ic  i n  t h e  t e n -  
s i l e  s t r e s s  f i e l d  ahead o f  an advancing c rack  t i p .  Th is  r e s u l t s  i n  increased 
f r a c t u r e  toughness. Cur ren t  mechan is t i c  i n t e r p r e t a t i o n s  o f  t h e  improved f r a c -  
t u r e  p r o p e r t i e s  o f  transformation-toughened z i r c o n i a  i n c l u d e :  ( 1 )  d e f l e c t i o n  
o f  t h e  advancing crack f r o n t  by i n t e r a c t i o n  w i t h  t h e  s t r e s s  f i e l d s  around t h e  
t ransformed areas; and/or ( 2 )  microcrack genera t ion  l e a d i n g  t o  c rack  branch ing  
and an inc rease i n  t h e  energy necessary t o  c o n t i n u e  crack propagat ion.  A 
t h i r d  mechanism i s  sometimes d iscussed as a minor  c o n t r i b u t o r ,  i.e., energy 
a b s o r p t i o n  by t h e  phase t r a n s f o r m a t i o n  process i t s e l f .  Whatever t h e  mechan- 
ism, i t  i s  known t h a t  t h e  s t ress- induced phase t r a n s f o r m a t i o n  i n  f r o n t  o f  an 
advancing crack t i p  does absorb energy, a r r e s t  crack propagat ion,  and thereby  
i n c r e a s e  t h e  work necessary f o r  f r a c t u r e  and t h e  o v e r a l l  r e s i s t a n c e  t o  crack 
propagat ion.  
T h i s  program i s  s t r u c t u r e d  around measuring t h e  p e r t i n e n t  mechanical and 
thermal p r o p e r t i e s ,  and i n t e r p r e t i n g  t h e  r e s u l t s  w i t h  respec t  t o  t h e  m a t e r i a l  
m i c r o s t r u c t u r e  and phase assemblage. 
Table 1. Note t h a t  t h e  b a s i c  m a t e r i a l s  c h a r a c t e r i z a t i o n  parameters a r e  i n -  
c luded:  X-ray d i f f r a c t i o n  t o  c h a r a c t e r i z e  t h e  phase assemblage, r e f 1  ec ted  
1 i g h t  microscopy t o  revea l  g r a i n  s i z e  and p o r o s i t y ,  spec t rograph ic  c a t i o n  
i m p u r i t y  ana lys is ,  and densi  t y / p o r o s i  t y  de terminat ion .  Mechanical and thermal 
p r o p e r t i e s  were g e n e r a l l y  measured a t  25"-1OOO"C, and i n c l u d e d  f l e x u r e  
s t r e n g t h ,  e l  a s t i c  p r o p e r t i e s ,  f r a c t u r e  toughness, creep, thermal  ex-pansion, 
thermal shock, and thermal d i f f u s i v i t y .  To assess t h e  long- term s t a b i l i t y ,  
these same p r o p e r t i e s  were measured a f t e r  1000 hr/1000"C s t a t i c  a i r  exposure. 
A d d i t i o n a l l y ,  s t a t i c  f a t i g u e  and thermal f a t i g u e  s t u d i e s  were conducted. 
The p r o p e r t i e s  o f  i n t e r e s t  a r e  1 i sted i n  
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TABLE 1. PROPERTIES MEASURED 
a C h a r a c t e r i z a t i  
8 Phase assemblage 
a M i c r o s t r u c t u r e  
cg Spectrographic  a n a l y s i s  
a Densi t y / p o r o s i  t y  
(B Mechanical and Thermal P r o p e r t i e s  (25"-10OO0C) 
o Flexure  s t r e n g t h  
a F r a c t u r e  or ig ins/mode 
o E l a s t i c  modul us 
e F r a c t u r e  toughness 
e Creep 
e Thermal expansion 
e) Thermal shock 
BA Thermal d i f f u s i v i t y  
rn I n t e r n a l  f r i c t i o n  
e Long-Term S t a b i l  i t y  
8 P r o p e r t i e s  a f t e r  1000 hr/1000"C exposure 
e S t a t i c  f a t i g u e / s t r e s s  r u p t u r e  
m Thermal f a t i g u e  
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Process ing d e f e c t s  and f r a c t u r e  mode were assessed u s i n g  t h e  scanning e l e c t r o n  
microscope. M i c r o s t r u c t u r a l  s t a b i l i t y  was assessed by SEM, r e f 1  ec ted  1 i g h t  
microscopy, and X-ray d i f f r a c t i o n  s tud ies .  The o v e r a l l  emphasis and c e n t r a l  
i s s u e  i n  t h i s  program i s  t h e  s t a b i l i t y  of t h e  t e t r a g o n a l  z i r c o n i a  c r y s t a l  
phase; i.e., t h e  phenomenon o f  overaging upon extended thermal exposure, and 
r e s u l t a n t  l o s s  o f  toughness. 
t h e  major  1 i m i  t i ng f a c t o r  f o r  TTZ m a t e r i a l s .  
Th is  l o s s  o f  t h e  metastable t e t r a g o n a l  phase i s  
The ceramic i n d u s t r y  was screened a t  t h e  i n c e p t i o n  o f  t h i s  program f o r  
p o t e n t i a l  s u p p l i e r s  o f  t e c h n i c a l - g r a d e  z i  rcon ia .  Four vendors were s e l e c t e d  
on t h e  b a s i s  o f  t h e i r  a c t i v e  p u r s u i t  o f  t h e  commercial d i e s e l  engine market, 
t h e i r  p o t e n t i a l  a b i l i t y  t o  s c a l e  tip t o  p r o d u c t i o n  q u a n t i t i e s ,  and our  judgment 
t h a t  t h e i r  m a t e r i a l s  a r e  t o d a y ' s  most mature toughened z i r c o n i a  ceramics. The 
m a t e r i a l s  i n v e s t i g a t e d  were: 
N i l s e n  MS Mg-PSZ, TS Mg-PSZ* 
Feldmuhle ZN-40 Mg-PSZ 
Coors Mg-PSZ* 
NGK 2-191 Y-TZP 
To a v o i d  p o s s i b l e  confus ion,  i t  i s  s t a t e d  now t h a t  a l l  m a t e r i a l s  i n v e s t i -  
gated a r e  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ) t h a t  has been t r a n s f o r m a t i o n -  
toughened. Some vendors use a ''TT'' d e s i g n a t i o n  t o  i n d i c a t e  t h a t  t h e  m a t e r i a l  
i s  indeed transformat ion-toughened, i .e,, TT-Zr02. Others p r e f e r  t o  r e f e r  t o  
t h e i r  m a t e r i a l  as " z i r c o n i a "  o r  " p a r t i a l l y  s t a b i l i z e d  z i rcon ia . "  However, a l l  
m a t e r i a l s  are a c t u a l l y  a p a r t i a l l y  s t a b i l i z e d  s t r u c t u r e  t h a t  has been 
transformat ion-toughened. 
we p r e f e r  t o  i n d i c a t e  t h e  s t a b i l i z e r  used (i.e., e i t h e r  magnesia o r  y t t r i a )  
f o r  each m a t e r i a l .  For  ins tance,  Mg-PSZ and Y-PSZ. As we s h a l l  see, t h i s  i s  
impor tan t  i n  i n t e r p r e t i n g  t h e  p r o p e r t i e s  observed. 
Al though n o t  g e n e r a l l y  used by t h e  manufacturers,  
*Coors and N i l s e n  (TS) m a t e r i a l s  were prov ided t o  t h i s  program a t  no cost .  

3. PHASE, MICROSTRUCTURE, AND CHENICAL CHARACTERIZATION 
The bas ic  m a t e r i a l s  c h a r a c t e r i z a t i o n  methods used on t h i s  program were X-  
r ay  d i f f r a c t i o n  t o  determine t h e  c r y s t a l l i n e  phase assemblage, emission 
spectrometry f o r  c a t i o n  i m p u r i t y  ana lys is ,  r e f l e c t e d  1 i g h t  microscopy o f  
po l  ished and etched sec t ions  f o r  m i c r o s t r u c t u r a l  ana lys i s  , and an Archirnedes 
water immersion technique t o  determine d e n s i t y  and po ros i t y .  
3.1 PHASE ANALYSIS 
Z i r c o n i a  phase ana lys i s  was accomplished w i t h  I I T R I ' s  Rigaku computer- 
i n t e r f a c e d  X-ray d i f f r a c t i o n  system,* which permi ts  r e l i a b l e  q u a n t i t a t i v e  
measurement o f  t he  r e l a t i v e  amounts o f  monocl in ic ,  t e t ragona l ,  and cubic  
( c o e x i s t i n g )  phases i n  z i r con ia .  The XRD system i s  unique f o r  t h i s  purpose 
s ince  (a)  i t  i s  o f  h ighe r  power than o rd ina ry  XRD equipment, which r e s u l t s  i n  
b e t t e r  r e s o l u t i o n  a t  h igher  r e f l e c t e d  angles, and ( b )  t h e  sof tware permi ts  
separa t ion  o f  shoulders on i q t e n s i t y  peaks by f i t t i n g  t o  s p e c i f i e d  i n t e n s i t y -  
angle d i s t r i b u t i o n  func t ions .  
t h e  percentage o f  t h e  s t r u c t u r e  t h a t  i s  te t ragona l .  
t h e  pr imary i n d i c a t o r  o f  toughness, m i c r o s t r u c t u r a l  s t a b i l i t y ,  and overaging 
phenomena. 
This  r e s u l t s  i n  a f a i r l y  accurate assessment o f  
The te t ragona l  content  i s  
The separa t ion  o f  two-phase systems where one o f  t h e  phases i s  mono- 
c l i n i c ,  such as monocl in ic  and cubic,or monocl in ic  and te t ragona l  (e.g., as i n  
NGK 2-191 Y-TZP), i s  no t  d i f f i c u l t .  
by ~ 2 "  20 from e i t h e r  cub ic  o r  te t ragona l  peaks w i t h i n  t h e  range 28" t o  32" 28  
when us ing  Cu Ka r a d i a t i o n .  
t he  pr imary q u a n t i f i e d  measurement des i red)  i s  e a s i l y  ca l cu la ted  by standard 
X-ray ana lys i s  methods. 1,2 
The major  monoc l in ic  peaks are  separated 
Consequently, t h e  percent  t e t ragona l  (which i s  
The problem o f  q u a n t i f y i n g  the  r e l a t i v e  amounts o f  phases when a l l  t h r e e  
phases are present i n  a TT-Zr02 ma te r ia l  i s  documented i n  t h e  l i t e r a t u r e . 3 - 9  
*Rigaku 1 2  kW r o t a t i n g  anode X-ray d i f f rac tomete r .  
With Cu Ka r a d i a t i o n  t h e  c u b i c  and t e t r a g o n a l  phases a r e  d i f f i c u l t  t o  sepa- 
r a t e ,  as t h e i r  major  peaks o v e r l a p  a t  -29"-30" 28. Separat ion i s  p o s s i b l e  a t  
h i g h e r  angles 28; however, t h e  i n t e n s i t y  o f  t h e  peaks i s  lower  there.  As t h e  
t e t r a g o n a l  + monocl i n i c  t r a n s f o r m a t i o n  occurs,  t h e  t e t r a g o n a l  (004) and (220) 
r e f l e c t i o n s  a t  t h e  h i g h e r  angles decrease i n  i n t e n s i t y .  The necessary use o f  
s o l i d  samples ( s i n c e  t e t r a g o n a l  w i l l  conver t  t o  monoc l in ic  upon g r i n d i n g )  may 
a1 so c r e a t e  o r i  e n t a t i  o n / e x t i  n c t i  on prob l  ems. 
The method w i t h  which we have been successfu l  i n  s e p a r a t i n g  t h e  c u b i c  and 
t e t r a g o n a l  phases a t  I I T R I ,  and which we used i n  t h i s  program, i n v o l v e s  tech-  
n iques t o  enhance peak r e s o l u t i o n  and a c u r v e - f i t t i n g  computer program de- 
s igned s p e c i f i c a l l y  f o r  reduc ing  X-ray d i f f r a c t i o n  data.  
a f t e r  scanning a q u a r t z  s tandard and t h e  z i r c o n i a  sample f rom 20" t o  80" 28, 
t h e  sample i s  scanned again a t  t h e  major  peak r e g i o n  f rom -28' t o  32" 28  u s i n g  
h i g h  r e s o l u t i o n  a p e r t u r e  and r e c e i v i n g  s l i t s ,  h i g h  power ( 5  t o  8 kW) and s tep  
scanning a t  0.01' 26/min. The r o t a t i n g  anode o f  t h i s  d i f f r a c t o m e t e r  i s  u s e f u l  
I n  our procedure, 
i n  overcoming o r i e n t a t i o n  problems i n  s o l i d  samples. A curve  i s  produced i n  
which t h e  o v e r l a p p i n g  c u b i c  and t e t r a g o n a l  peaks may be separated, as shown i n  
F i g u r e  1. Data f rom b o t h  scans a r e  reduced separa te ly  u s i n g  t h e  A l f r e d  Uni-  
v e r s i t y  X-ray Powder D i f f r a c t i o n  Data Reduct ion Program. A Gaussian i n t e n s i t y  
d i s t r i b u t i o n  f u n c t i o n  was assumed as i t  i s  easy t o  model. 
The equat ions commonly used f o r  phase a n a l y s i s  o f  t r a n s f o r m a t i o n -  
toughened z i r c o n i a  assume o n l y  two phases: c u b i c  and monoc l in ic ,  o r  t e t r a g -  
onal  and monocl i n  i c  . 
equat ions,  a f t e r  S c h i o l e r  a t  AMMRC,g supply  t h e  necessary c o r r e c t i o n  f a c t o r s  
i n  terms o f  R va lues  f o r  t h e  t h r e e  phases. 
When t h r e e  phases may be d i  s t  i ngui shed, t h e  f o l  1 owi ng 






0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
T0000000000000000000000000000000 
~ ~ n ~ n ~ n ~ ~ ~ n n n ~ ~ n ~ n n ~ n o n o m o o o n n o m  
3 N O  -4 0 - 0  Np14 N - - 4 0 - 0 0 N 0 N CI Nn N - - 0 k . . . . . . . . .  .................. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o o o o o o o d d d d  
m n - - n s ? m y p ? n n ? q ~ h n h p h - o o ? ? n ~ ~ ~ ~ o  Y . . . . .  . 
U N - ~ ~ O ~ ~ ~ O N O D ~ P P P ~ ~ P P ~ - - ~ ~ P ~ - ~ O ~  
m m o  - o h  o 
d 
cr) . . . . . . . . . . . .  
P r d  o m -h - m o o m  P n m m o n  h P nn n n - h n - o ~  P N  I-+-- * - n  - 4  
N -  
n P o I - D h P h n o P P I u n n n N ~ - - - - h o ~ - o m h h  
o o o 
J - - - - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
W O O O O O O O O O O O O O o O O o O O o o o o o o o o o o o o  
o o o o PP n P P n n N N N N N r d  N N NN rd  N - I - - 
“ d d d d d d d d d d d d d d d d d d d d d d d d d d  
\ ,  ul 
CI) 
+ o m  0 b o  0 0 0 P h I - n - P P h n N r4- o P P z n -a n r4 no 9 o n r< P P -nu r d  o m  h -0  ?o o 
C I . . . .  . . . . . . . . . . . . . . . . . .  
2 n P -a n ‘Pn P O  r d  Q P - rq N 
L 
O P  * 
~ n o t ~ ~ ~ m o ~ ~ n o ~ n o n o ~ ~ h ~ n - o n n n ~ o n  
-hn r + n  h-P o n n  m P O  - h o  m o n  O O Q  P -0  N N ~  Q 
N n - o -h NO - h r d  * r4 - 0  o. h o P N- o P o m a n  h D O  o 
c1 P p1 PI N C I -  - P m n n - - - - o o o o 0 0  o o. m h nc - N N N 
+ W P  PP- ~ N ~ * N N N  NNNN ~ ~ r a  m e -  +:- L; L ......................... 





























oor l  
0.r40V1 
04 M d 












































X W  

















where V(m), V ( t ) ,  and V(c) = volume f r a c t i o n  of monoc l in ic ,  t e t r a g o n a l ,  and 
c u b i c  phases, respec t  i ve l  y 
I ( i )  = i n t e g r a t e d  i n t e n s i t y  o f  t h e  peaks o f  t h e  phases 
as above, and I(m) = sum o f  t h e  (111)  and (111) 
peaks 
R ( i )  = c a l c u l a t e d  i n t e n s i t y  o f  t h e  peaks as above. 
For Cu r a d i a t i o n :  
R(m) = 227.02 [sum o f  two peaks: ( 1 1 3  and ( l l l ) ]  
R(c )  = 200.31 
R ( t )  = 187.96 
When o n l y  two phases a r e  present  i n  a m a t e r i a l ,  as f o r  NGK 2-191 Y-TZP 
where Vc = 0, o r  when t e t r a g o n a l  and cub ic  peaks cannot be separated, t h e  
equat ions  are:  
= 1  "(m) + ' ( t  + c )  
= 227.02 [sum o f  (111) 
= 388.27: f o r  inseparab le  c u b i c  and t e t r a g o n a l  peaks 
when no c u b i c  phase i s  present  
and (111) peaks] R(m) 
R ( t  + c)  
where 
R( t )  = 187.96: 
Base1 i n e  as-received samples and m a t e r i a l  s a f t e r  exposure were charac ter -  
i z e d  by XRD a n a l y s i s  o f  p o l i s h e d  c ross  s e c t i o n s  and f r a c t u r e  sur faces.  
p o l i s h i n g  procedure c o n s i s t e d  o f  mounting a c r o s s  s e c t i o n  o f  sample i n  epoxy, 
then handheld g r i n d i n g  on 220, 360, and 600 g r i t  diamond-bonded wheels, 
The 
11 
fo l lowed by p o l i s h i n g  w i t h  9 6 urn, 1 
Buehler napped microc loth.  It i s  recognized t h a t  t h e  te t ragona l  domains i n  
TTZ can be transformed t o  monocl in ic  by t h e  stresses i nvo l ved  i n  the  g r i n d i n g  
process. However, Pascoe and Garv ie lo  demonstrated t h a t  t h e  t ransformed l a y e r  
r e s u l t i n g  from rough y r i n d i n g  can be po l i shed o f f  du r ing  the  1 
paste stage, thus  revea l ing  a m ic ros t ruc tu re  representa t ive  o f  t h e  b u l k  mate- 
r i a l  * Samples were po l i shed w i t h  1 and 1/4 diamond paste and X-rayed 
a l t e r n a t e l y  u n t i l  t h e  d i f f rac tomete r  p r o f i l e  remained unchanged by po l i sh ing .  
A l l  d i f f r a c t i o n  pa t te rns  were obtained a t  room temperature. 
and 1/4 gn diamond paste on 
diamond 
F igure  l a  shows normal f a s t  scans over t h e  reg ion  o f  t he  f i r s t  f ou r  major 
z i r c o n i a  peaks f o r  a representa t ive  base l ine  Mg-doped PSZ. 
t a ined  when the  sample i s  s lowly  scanned over t h e  combined cubic  and t e t r a g -  
onal peak a t  -30" 28 i s  presented i n  F igure  lb ,  where the shoulder on the  l e f t  
p a r t  o f  t h e  curve i s  the  te t ragona l  peak. S i m i l a r  scans f o r  unexposed Y-PSZ 
(NGK Z-191) a re  shown i n  F igure  2. This ma te r ia l  does n o t  con ta in  a cubic  
z i r c o n i a  phase; the  peak a t  -30" 20 cons is ts  o f  te t ragona l  ma te r ia l  only.  
The p a t t e r n  ob- 
Tabu1 a r  X-ray d i f f r a c t i o n  r e s u l t s  f o r  t h e  diamond-ground surfaces o f  as- 
received ma te r ia l s  and t h e i r  bu l k  i n t e r i o r ,  determined by XRD ana lys i s  o f  
po l i shed  samples, a r e  prov ided i n  Table 2. The Mg-PSZ m a t e r i a l s  a r e  comprised 
o f  nominal ly  60% cubic, 35% te t ragona l ,  and 5% monocl in ic  z i r c o n i a  phases. 
NGK 2-191 Y-PSZ i s  100% te t ragona l ,  and t h e r e f o r e  i s  more p roper l y  r e f e r r e d  t o  
TABLE 2. BASELINE PHASE ANALYSIS OF TRANSFORMATION-TOUGHENED ZIRCONIA~ 
As -Rece i ved , Z 
Mater i  a1 Ground Surfacesb Pol ished Bul kb ,c 
N i l sen  PIS My-PSZ 67 ( t  + c ) ,  33 (m) 37 ( t ) ,  58 ( c ) ,  5 (m) 
Coors Mg-PSZ 49 ( t  + c) ,  51 (m) 34 ( t ) ,  60 ( c ) ,  6 (m)  
Fel  dmuhl e ZN-40 Mg-PSZ 79 ( t  + c ) ,  21 (m) 34 ( t ) ,  63 (c ) ,  3 (m) 
NGK 2-191 Y-TZP 85 (t), 15 ( m )  100 ( t )  
~ ~~~~ ~ ______ ~~ 
aPerforrned a t  I I T R I  us ing a Rigaku 12 kW r o t a t i n g  anode d i f f r a c t o m e t e r  
and t h e  A l f r e d  U n i v e r s i t y  XRD data reduc t i on  computer program. 
bScanned 20"-80" 28 a t  0.5' 2e/min us ing  Cu Ka rad ia t i on .  
CStep-scanned 28"-32" 20 a t  5 kW, O.OlO/step and 9 sec/step t o  separate 
cub ic  (111) and te t ragona l  (101) peaks a t  -30" 2e. 
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X-RAY POWDER DIFFRACTION DATA REDUCTION PROGRAM, VER. 2A 
ALFRED UNIVERSITYI ALFREDi NEW YORK 
DATE: 02.-JUN-84 TIME: 17:35:34 
SAMPLE ID: M6117 - SAMPLE NG1F63, POLISHED (~OKVI~OOMAI 
DATE OF RUN: 02-JUN-84 15:11:05 
STARTING ANGLE : 20.0000 COUNT TIME : 6.0 
ENDING ANGLE : 80.0000 XSIGMA VALUE: 0.75 
ANGLE INCREMENT: 0,0500 YSIGMA VALUE: 1.50 
PTS. FOR SMOOTH: 3 MINIMUM FWHM: 0.01 
AN ASTRIX INDICATES A CALCULATED ALPHA 2 PEAK. 
D‘S FOR ALPHA 2 PEAKS CALCULATED WITH CU K A 2 +  





















































TOTAL NUMBER OF PEAKS FOUND : 25 
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Figure  2a. XRD t r a c e  of NGK Z-191 Y-TZP a t  s tandard scann ing  r a t e  over the r e g i o n  



































as a TZP ( t e t r a g o n a l  z i r c o n i a  p o l y c r y s t a l s )  Resu l ts  f o r  t h e  ground sur faces  
o f  a l l  m a t e r i a l s  i l l u s t r a t e  a s i g n i f i c a n t  inc rease i n  monoc l in ic ,  as near-  
s u r f a c e  t e t r a g o n a l  t ransforms t o  m o n o c l i n i c  due t o  t h e  s t r e s s  a s s o c i a t e d  w i t h  
t h e  diamond g r i n d i n g  process. 
X-ray phase a n a l y s i s  was a l s o  performed on f r a c t u r e  sur faces  and p o l i s h e d  
s e c t i o n s  ( t o  revea l  t h e  b u l k  phase assemblage) o f  r e p r e s e n t a t i v e  samples f rom 
f a s t  f r a c t u r e  f l e x u r e  t e s t s  conducted a t  25", 500", 750", and 1000°C. 
r e s u l t s  a re  presented i n  Tables 3a-3d. There a r e  severa l  impor tan t  t h i n g s  t o  
n o t i c e  about these r e s u l t s .  F i r s t ,  n o t e  t h a t  t h e  phase assemblage o f  a l l  Y-  
TZP and Mg-PSZ m a t e r i a l s  i s  n o t  a f u n c t i o n  o f  t e s t  temperature (a l though XRD 
was performed o n l y  p o s t - t e s t  a t  ambient room temperature) .  
t i o n s  f o r  i n t e r p r e t a t i o n  o f  s t rength- tempera ture  da ta  t o  be presented i n  
Sec t ion  4. A d d i t i o n a l l y ,  n o t e  i n  Tables 3a-3d t h a t  s i m i l a r  r e s u l t s  were 
ob ta ined on t h e  f r a c t u r e  sur faces  as were ob ta ined f o r  t h e  p o l i s h e d  b u l k  
m a t e r i a l  f o r  a l l  f a s t  f r a c t u r e  t e s t  c o n d i t i o n s .  This  i s  somewhat s u r p r i s i n g ,  
i n  t h a t  increased m o n o c l i n i c  due t o  t -+ m t r a n s f o r m a t i o n  d u r i n g  f r a c t u r e  might  
b e  expected t o  be observed on f r e s h  f r a c t u r e  sur faces.  
exp la ined by c o n s i d e r a t i o n  o f  t h e  s i z e  of t h e  t rans format ion  zone i n  compari- 
son t o  t h e  expected beam p e n e t r a t i o n  i n  t h e  X-ray d i f f r a c t i o n  measurement. 
The X-ray beam p e n e t r a t i o n  i s  much g r e a t e r  than t h e  t h i n  zone o f  t ransformed 
m a t e r i a l  i n  t h e  wake o f  t h e  propagat ing  c rack  t i p .  Thus, t h e  XKD measurement 
i n c l u d e s  below-sur face c o n t r i b u t i o n s ,  which i n  t h i s  case would be t h e  m a t e r i a l  
b u l k  s t r u c t u r e .  
The 
T h i s  has i m p l i c a -  
T h i s  o b s e r v a t i o n  i s  
X-ray phase a n a l y s i s  was a l s o  performed on samples t h a t  had been exposed 
f o r  1000 h r  a t  1000°C i n  s t a t i c  l a b o r a t o r y  a i r .  These r e s u l t s  a r e  a l s o  com- 
p i l e d  i n  Table 3. 
PSZ), e x h i b i t e d  p r e c i s e l y  t h e  same phase assemblage as i t  d i d  p r i o r  t o  t h e  
exposure. 
s t r u c t u r e .  F igure  3 i l l u s t r a t e s  l i t t l e  d i f f e r e n c e  i n  t h e  exposed and un- 
exposed d i f f r a c t i o n  p a t t e r n s  f o r  Y 0 -doped TZP. 
Note i n  Table 3a t h a t  t h e  TZP m a t e r i a l ,  i.e., NGK 2 - 1 9  (Y- 
Th is  i l l u s t r a t e s  t h e  h i g h  s t a b i l i t y  o f  t h e  Y203-doped TZP micro-  
2 3  
Such m i c r o s t r u c t u r a l  s t a b i l i t y  was n o t  observed f o r  any o f  t h e  t h r e e  1000 
The increase i n  hr/100O0C exposed Mg-PSZ m a t e r i a l s ,  as shown i n  Tables 3b-3d. 
monoc l in ic  and concur ren t  decrease i n  t e t r a g o n a l  i l l u s t r a t e s  t h e  problem o f  
Mg-PSZ m a t e r i d l s  r e f e r r e d  t o  as overaging. The b a s i c  phenomenon i s  t h a t  t h e  
15 
TABLE 3a. X-RAY DIFFRACTION R E S U L T S ~  FOR NGK z-191 Y-TZP 
Phase Composition % 
Tetraq- Mono- 
Test Condi t i  on 
A. Fast F rac tu re  










R .  25"Cy Exposed 1000 h r /  
1000°C (po l  i shed bul  k )  
Cubic onal . c l i n i c  
0 100 -- 
0 98 2 
0 99 1 
0 99 1 
-- -- -- 
0 95 5 
0 98 2 
0 98 2 
0 99 1 
aResul ts determined by c a l c u l a t i o n  f o r  two phases on 8 kW 
s low step-scan pa t te rns  showing evidence o f  two phases 
present.  
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TABLE 3b. X-RAY DIFFRACTION RESULTSa FOR NILSEN MS Mg-PSZ 
Test Cond i t ion  - 
A. Fast F rac tu re  




Phase Composition, % 
Tet ray-  Mono- 
Cubic onal c l i n i c  
57 37 5 
56 33 12 
59 32 8 
l0OO0C 60 31 9 
a Frac ture  Surface 
25°C -- -- -- 
500 "C 57 34 9 
750°C 63 31 6 
looooc 66 29 5 
B. 25"C, Exposed 1000 h r /  
1000°C (po l i shed  bu lk )  21 11 69 
a A l l  r e s u l t s  determined by c a l c u l a t i o n s  on 8 kW slow step-  
scan pa t te rns  showing evidence o f  t h r e e  phases present. 
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TABLE 3 ~ .  X-RAY DIFFRACTION R E S U L T S ~  
FOR FELDMUHLE ZN-40 Mg-PSZ 
Phase Composition, X 
Tetraa-  Mono- 
Test Condi t i  on 
A. Fast  F r a c t u r e  










5. 25"C, Exposed 1000 h r /  
1000°C ( p o l  i shed bu l  k) 
Cubic onal  - c l i n i c  
63 34 3 
43 41 16 
56 40 4 
61 36 4 
-- -- -- 
54 44 2 
67 32 1 
53 45 2 
41 0 59 
a A l l  r e s u l t s  determined by c a l c u l a t i o n s  on 8 kW slow step-  
scan p a t t e r n s  showing evidence o f  t h r e e  phases present.  
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TABLE 3d. X-RAY DIFFRACTION RESULTSa FOR COORS Mg-PSZ 
Phase Composition, % 
Tetraa- Mono- 
Test Condi t i  on Cubic onal  c l i n i c  
A. Fast Frac ture  





60 34 5 
58 39 3 
56 40 4 
72 25 3 
F rac tu re  Surface 
-- -- -c 25°C 
500°C 66 30 4 
750°C 
1000 "C 
57 37 6 
51 46 3 
B. 25"C, Exposed 1000 h r /  
1000°C (pol  i shed bul  k) 10 10 80 
a A l l  r e s u l t s  determined by c a l c u l a t i o n s  on 8 kW slow step-  
scan pa t te rns  showing evidence o f  t h r e e  phases present. 
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SAMPLE ID: M6117-MOUNTEDr POLISHELI NG1F23rEXPOSED 1000HR/.1000C - 5 KW 
DATE OF RUN: 14-SEP-84 17:35:05 - (036 
STARTING ANGLE : 23.0000 COUNT TIME : 6.0 
ENDING ANGLE : 80,0000 XSIGMA VALUE: 0.75 
ANGLE INCREMENT: 0.0500 YSTGMA VALUE: 1.50 
PTS. FOR SMOOTH: 5 MINIMUM FWHM: 0.04 
AN ASTRIX INIl IChTES A CALCULATED ALFHA 2 PERh, 
U ' S  FOR ALPHA 2 PEAKS CALClJLATEtt WlTH CU KA?.  
CALIBRATION CORRECTION CURVE WAS APF'LXED. 
PEAK ?-THETA D RELINT DEL Ll INT CFS FWHM 
1 23.0614 3,8535 le55 0 0082 46.3 + 7 0 + 0500 
2 23.4112 3,7967 1.29 0*0080 387,O 0,0500 
3 23.6612 3.7571 1.05 0,0078 313.2 0.10r)O 
4 23.9111 3,7184 0.76 0,0076 227.0 0,0500 
5 24,2610 3.665h 0.60 0,0074 178.3 0,0500 
6 24,6110 3,6142 0.22 0.0072 65.2 0,0500 
7 24.9h10 3,5643 0.20 0 .0070 58*4 0.1000 
-0 27.161A 3,2904 0.50 0,0059 148.8 0,1000 
0 0054 80.6 0,1000 0 * 2 7 F m ~ n ~ .  o:0053 64.9 0.0500 9 28.3623 3.144.i 10 28,56?5 3 , 1 2 2 h  + 2 2  
11 28.8126 3,0960 0.17 0,0052 49.4 0.1000 
-15 34.71 
-16 35.37 
36 34 32 30 28 
Degrees 29 
XRD t r a c e  of exposed  NGK 2-191 Y-TZP a t  s tandard  s c a n n i n g  r a t e  F i g u r e  3a.  
over the r e g i o n  Q28O t o  36' 20 showing the absence  of monoclinic p e a k s .  
20 
SAMPLE In: M ~ I I ~ - N G I F ~ ~  POLISHED~ HOUNTED ZRO EXPOSEKI I 
UN: 17-OCT-84 14:22:05 
STARTING ANGLE : 2 7 t 5 0 0 0  COUNT TIME : 910 : 
ENDING ANGLE : 3 2 t 5 0 0 0  XSIGMA VALUE: 0175  
ANGLE INCREMENT: Ot0100 YSIGMA VALUE: 1,50 
PTSt FOR SMOOTH: 15 MINIMUM FWHM: O r 0 3  
N ASTRIX INDICATES A CALCULATED ALPHA 2 PEAKt 
IS'S FOR ALPHA 2 PEAKS CALCULATED WITH CU KA2r 
ALIBRATION CORRECTION CURVE WAS APPLIEDt 
F'EAK' 2-THETA r RELINT DEL El I N T  CPS 
i 3 0 r 3 2 3 9  2t945i 1ootoo 0 t OOOY 2972 t 9 
TOTAL NUMBER OF PEAKS FOUND : I 
UMRER REJECTED DUE TO SHALL FWtlM: 0 




Figure  3b. XRD t r a c e  of NGK 2-191 Y-TZP s tep-scanned a t  O.0lo 20/1nin 
a t  8 kW over a 29' t o  32' 2 8 ,  i n d i c a t i n g  o n l y  t e t r a g o n a l  phase  
a f t e r  1000 h r / l O O O ° C  e x p o s u r e .  
2 1  
t e t rayona l  phase 
extended exposure 
be  cons t ra ined i n  
t rans format ion  t o  
t i o n  pa t te rns  f o r  
s f i n e l y  dispersed w i t h i n  l a r g e  cubic  g ra ins  and, upon 
a t  e levated temperature, grows t o  a s i z e  t h a t  can no longer  
the  metastable te t ragona l  cond i t ion ,  r e s u l t i n g  i n  subsequent 
monocl in ic.  
My-PSZ a r e  shown i n  F igures 4a and 4b, where d e f i n i t e  i n -  
Representat ive exposed and unexposed d i f f r a c -  
crease i n  t h e  monocl in ic  z i r c o n i a  phase upon exposure occurs a t  -28" and 31" 
20. 
However, examinat ion o f  t h e  r e l a t i v e  amounts o f  cubic,  t e t ragona l  and 
monocl in ic  phases i n  Mg-PSZ a f t e r  t he  1000 hr/lOOO°C exposure, and comparison 
w i t h  t h e  unexposed phase assemblage, i n d i c a t e s  t h a t  more than j u s t  t + m 
overaging must be invo lved i n  t h e  degradat ion o f  Mg-PSZ mate r ia l s  upon 1000 
hr/lOOO°C exposure. 
increases a t  t h e  expense o f  t h e  cubic  phase as wel l .  The t rans format ion  o f  
cubic  t o  monocl in ic  i n d i c a t e s  the  presence of d e s t a b i l i z a t i o n  and/or 
decomposition e f f e c t s ,  as wel l  as overaging upon exposure. 
Tables 3b-3d i l l u s t r a t e  t h a t  t he  monoc l in ic  content  
3.2 MICROSTRUCTURE 
The m ic ros t ruc tu re  o f  t h e  z i r c o n i a  m a t e r i a l s  was s tud ied  by r e f 1  ected 
l i g h t  microscopy. The p o l i s h i n g  procedure consis ted o f  g r i n d i n g  on 220, 360, 
and 600 g r i t  diamond-bonded wheels, fo l lowed by p o l i s h i n g  w i t h  9 urn, 6 
1 urn diamond paste on Buehler napped microc loth.  The po l i shed samples were 
etched a t  8OOC; t h e  etchant  cons is ted  o f  a s o l u t i o n  con ta in ing  100 m l  water, 8 
m l  h y d r o f l u o r i c  acid, 8 g ammonium b i f l u o r i d e ,  and 1 m l  hydrogen peroxide.* 
It i s  recognized t h a t  t he  te t ragona l  domains i n  TTZ can be transformed t o  
monocl in ic  by the  s t resses invo lved i n  t h e  g r i n d i n g  process. However, Pascoe 
and Garv ie lo  demonstrated t h a t  t h e  t ransformed l a y e r  r e s u l t i n g  f rom rough 
g r i n d i n g  can be po l i shed-o f f  dur ing  the  1 urn diamond paste stage, thus  revea l -  
i n g  a m ic ros t ruc tu re  rep resen ta t i ve  o f  t h e  bulk  mater ia l .  This i s  t h e  proce- 
dure used i n  t h e  cu r ren t  work. 
con ia  i s  obv ious ly  c r i t i c a l  f o r  the  prepara t ion  o f  samples f o r  TEM ana lys i s  o r  
s t rength  t e s t i n g ;  however, even though the  te t ragona l  domains are not  v i s i b l e  
and 
This aspect o f  t ransformat ion-toughened z i r -  




0 :I. 500 
0 t 0500 
0 3.500 
0 * :1.000 
0 I 2 0 0 0  
0 * O S 0 0  
0 2500 




32 28 36 34 
Degrees 26 
F i g u r e  4a. XRD t r a c e  of exposed  Coors Mg-PSZ a t  s tandard  s c a n n i n g  r a t e  
over the major peak  r e g i o n  o f Q 2 8 O  t o  36' 28 showing the d e c r e a s e  
of the summed c u b i c  and t e t r a g o n a l  p h a s e s  and the i n c r e a s e d  monoclinic 
p e a k s  (Cil Ka r a d i a t i o n ) .  
23 
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i n  l o w - m a g n i f i c a t i o n  o p t i c a l  microscopy, i t  i s  recommended p r a c t i c e  t o  be 
aware o f  t h e  g r i n d i n g  s t r e s s  induced t rans format ion .  
used f o r  o b t a i n i n g  t h e  X-ray phase assemblage o f  t h e  below-sur face b u l k  mate- 
r i a l ,  descr ibed i n  t h e  prev ious  sec t ion .  
Th is  was t h e  procedure 
The pre-  and post-exposure m i c r o s t r u c t u r e  o f  each m a t e r i a l  i s  p 
i n  F igures  5-8. 
phase i n  each m a t e r i a l  b o t h  b e f o r e  and a f t e r  exposure i s  l a r g e  (50 t o  100 
l i g h t  gray g r a i n s  which a r e  c u b i c  ( r e f e r  t o  XRD phase a n a l y s i s ) ,  The l i g h t e r  
phase which surrounds t h e  l a r g e  g r a i n s  i s  monoc l in ic ,  and t h e  d a r k e s t  phase i s  
p o r o s i t y .  A t  o p t i c a l  microscope m a g n i f i c a t i o n s ,  t h e  i n t r a g r a n u l a r  t e t r a g o n a l  
phase ( w i t h i n  c u b i c  g r a i n s )  cannot be seen. Note t h a t  t h e  Feldmuhle and Coors 
m a t e r i  a1 s have c o n s i d e r a b l y  1 a r g e r  g r a i n  s i  ze and more p o r o s i t y  compared t o  
t h e  N i l s e n  m a t e r i a l .  Thus, lower  s t r e n g t h  i s  expected. The unexposed MgO- 
doped m a t e r i a l s  have m o n o c l i n i c  phases surrounding c u b i c  g r a i n s  i n  bands o f  1 
t o  5 urn th icknesses.  
The Mg-PSZ m a t e r i a l s  (F igures  5-7) l o o k  s i m i l a r .  The p r i m a r y  
A f t e r  1000 hr/100O0C exposure, t h e  i n t e r g r a n u l a r  r e g i o n s  i n  Mg-PSZ have 
grown t o  th icknesses o f  10 t o  15 microns i n  c u b i c  g r a i n  boundaries, and t o  r e -  
g ions  o f  -25 urn d iameter  a t  g r a i n  t r i p l e  p o i n t s .  
increased volume o f  m o n o c l i n i c  m a t e r i a l  a f t e r  exposure f o r  these Flg-PSZ mate- 
r i a l  s. The metas tab le  t e t r a g o n a l  p r e c i p i t a t e s  have t ransformed t o  m o n o c l i n i c  
upon 1000 hr/100O0C exposure (overaging) ,  and t h e  c u b i c  m a t r i x  has decomposed 
and/or d e s t a b i l i z e d ,  as evidenced by t h e  development o f  a m o n o c l i n i c  y r a i n  
boundary phase. Note t h a t  F igures  5 and 7 i l l u s t r a t e  t h a t  t h e  N i l s e n  and 
Coors m a t e r i a l s  appeared t o  decompose more than d i d  t h e  Feldmuhle Z r O  
l e a s t  as i n d i c a t e d  by t h e  m i c r o s t r u c t u r e  revealed b y  r e f l e c t e d  l i g h t  mic ro-  
scopy, 
Sect ion 4. 
XRD r e s u l t s  c o n f i r m  t h e  
a t  
2' 
T h i s  w i l l  be c o r r e l a t e d  w i t h  t h e i r  r e l a t i v e  s t r e n g t h  r e t e n t i o n  i n  
The m i c r o s t r u c t u r e  o f  t h e  NGK m a t e r i a l  i s  i l l u s t r a t e d  i n  F i g u r e  8. Th is  
i s  a very  f i n e - g r a i n e d  m a t e r i a l ,  t h e  approximate average g r a i n  s i z e  be ing  1-5 
monoc l in ic  phase. The t e t r a g o n a l  phase i n  Y-PSZ i s  n o t  a p r e c i p i t a t e  as i n  
My-PSZ, b u t  r a t h e r  a d i s c r e t e  phase. I n  f a c t ,  t h e  NGK Y-PSZ i s  composed 
p r i m a r i l y  o f  d i s c r e t e  t e t r a g o n a l  g r a i n s  ( a  TZP). X-ray d i f f r a c t i o n  conf i rms 
100% t e t r a g o n a l  s i n g l e  phase. I n t e r e s t i n g l y ,  a f t e r  1000 hr/100O0C exposure 
The m i c r o s t r u c t u r e  shown i n  F i g u r e  8 g ives  no o p t i c a l  i n d i c a t i o n  o f  a 
25 
(a) Unexposed, etched 1.25 m i n .  
(b) Exposed 1000 hr/lOOO°C, etched 50 sec. 
Figure 5 .  M i c r o s t r u c t u r e s  o f  Nilsen MS Mg-PSZ before and 
a f t e r  1000 hr/l OOOOC exposure .  
26 
(a) U n e x p o s e d ,  e t c h e d  1.5 m i n .  
( b )  E x p o s e d  1000 hr/lOOO°C, e t c h e d  1 min. 
Figure 6 .  M i c r o s t r u c t u r e s  of F e l d m u h l e  Z N - 4 0  Mg-PSZ 
before and a f t e r  1000 h r / l O O O ° C  e x p o s u r e .  
27 
(a) Unexposed, etched 1.25 rnin. 
(b) 0 hr/lOOO°C, etched 1 .5  rnin. 
re and 
28 
OF POOR QUALITY 
(a) Unexposed, etched 4.75 m i n .  
( b )  Exposed 1000 hr/lOOO°C, etched 5.75 m i n .  
Figure 8 -  Micros truc tures  of NGK 2-191 Y-XZP before 
and a f t e r  1000 h r / l O O O ° C  thermal exposure.  
29 
t h e  mic ros t ruc ture ,  as observed a t  l O O O X ,  has n o t  markedly changed. This  
c o r r e l a t e s  w i t h  t h e  e x c e l l e n t  phase r e t e n t i o n  f o r  NGK Y-TZP discussed i n  t h e  
prev ious sec t ion .  
3.3 SPECTROGRAPHIC ANALYSIS 
Spectrographic ana lys i s  o f  t h e  f o u r  ma te r ia l  s was performed a t  AMMKC; 
Resul ts  are g iven i n  Table 4. The repor ted  c a t i o n  i m p u r i t y  concentrat ions 
f a l l  w i t h i n  t h e  range expected f o r  these z i rcon ias .  The c a l c u l a t e d  weight 
percent major dopant ( s t a b i l i z e r )  f o r  each ma te r ia l  i s  as fo l l ows :  N i l sen  MS, 
3.35 MgO; Feldmuhle ZN-40, 3.07 MyO; Coors, 2.95 MgO; and NGK 2-191, 5.08 
are more accura te ly  r e f e r r e d  t o  as 3% MgO-PSZ. 
s t a b i l i z e d  z i r c o n i a  i s  a 5% Y203-TZP. 
t h e  s t r u c t u r e  were present  as Si02, t h e  S i02  conten t  would be 1.1%. 
l y ,  i f  a l l  t he  A1 i m p u r i t y  were present as A1203, t h e  amount would be 0.8%. 
It w i l l  be shown l a t e r  i n  the  sec t ions  on creep and s t a t i c  f a t i gue ,  t h a t  t h e  
h igh  i n t e r g r a n u l a r  s i l i c a  content  r e s u l t s  i n  excessive deformat ion f o r  NGK Z-  
191 Zr02 a t  e leva ted  temperature. 
Thus, t h e  magnesia-s tab i l ized m a t e r i a l s  i nves t i ga ted  on t h i s  program 
'2'3. 
Likewise, t h e  y t t r i a -  
For the  NGK ma te r ia l ,  i f  a l l  t h e  S i  i n  
S i m i l a r -  
TABLE 4. SPECTROGRAPHIC ANALYSIS OF MAJOR I M P U R I T I E S  
I N  UNEXPOSED Z I R C O N I A  CERAMICSa 
Analys is  , Weight Percent b 
Mg A1 S i  Ca T i  C r  Fe Zn Y Z r  _ _ - _ _ _ - - - - - - -  Mater i  a1 
Coors Mg-PSZ 1.78 0.04 0 0.02 0.07 0.13 0.30 0.21 0.18 bal  
Feldmuhle ZN-40 1.85 0.05 0.02 0.08 0.04 0.30 0.45 0.10 0.12 ba l  
N i  l s e n  MS My-PSZ 2.02 b 0 0 0.05 0.14 0.44 0.05 b ba l  
NGK 2-191 Y-TZP b 0.43 0.52 0 0.03 0.01 0.16 0.17 4.00 ba l  
- 
aPerformed a t  AMMRC (cour tesy  o f  Or. L. Sch io le r )  by emission spectrometry 
(ICAP source). 
concent ra t ion  o f  H f  i n  a l l  f ou r  samples (a  q u a n t i t a t i v e  i n d i c a t i o n  o f  t h e  
h a f n i a  content  was no t  obta ined) .  
cent. 
Resul ts  o f  X-ray f l  uorescence i n d i c a t e  approximately s imi  1 a r  
' Ind icates presence o f  element i n  concent ra t ion  of  l ess  than 0.01 weight per-  
30 
3.4 DENSITY 
The sampl e-to-sample dens i t y  d i s t r i b u t i o n  f o r  each o f  t h e  z i  r con ia  mate- 
r i a l s  evaluated on t h i s  program i s  presented i n  F igures 9-13. A summary 
t a b u l a t i o n  i s  prov ided i n  Table 5, where open p o r o s i t y  and sur face f i n i s h  
in fo rmat ion  i s  included. Note t h a t  t h e  TZP mate r ia l  (NGK 2-191 Y-PSZ) i s  
h igher  d e n s i t y  than the  Mg-PSZ mater ia ls .  
F igure  14 i l l u s t r a t e s  t h e  change i n  dens i t y  a f t e r  1000 hr/100O0C expo- 
sure. 
dens i t y  o f  t he  TZP ma te r ia l  surv ived the  exposure v i r t u a l l y  unchanged. 
evidence o f  the  super io r  s t a b i l i t y  o f  TZP c o r r e l a t e s  w i t h  i t s  phase and 
m i c r o s t r u c t u r a l  r e t e n t i o n  presented above. The dens i t y  decrease f o r  Mg-PSZ i s  
the  r e s u l t  o f  t h e  t rans format ion  o f  te t ragona l  t o  monocl i n i c  ( t h e  d e n s i t y  o f  
cubic,  te t ragona l ,  and monocl in ic  forms o f  z i r c o n i a  be ing 6.27, 6.10, and 5.56 
g cm-3, respec t i ve l y ) .  The r e f l e c t e d  l i g h t  microscopy and X-ray d i f f r a c t i o n  
data confirmed t h e  presence o f  t he  predominant monocl in ic  phase i n  Mg-PSZ 
a f t e r  1000 hr/100O0C exposure. 
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4. FLEXURAL STRENGTH 
The f l e x u r a l  s t reng th  was determined i n  t h e  quar te r  4-point  c o n f i g u r a t i o n  
on t e s t  samples t h a t  were of  nominal dimensions 1/8 x 1/4 x 2 1 /4  i n .  The 
upper and lower spans were 0.875 and 1.750 in., respec t ive ly ,  and t h e  cross- 
head deformat ion r a t e  was 0.02 ipm. It i s  impor tant  t o  recognize t h a t  t h e  
t e s t  sample popu la t ion  was smal l - - f rom 5 t o  8--and the re fo re  on ly  rough 
est imates o f  Weibul l  modul i  can be made. 
4, l  STRENGTH AT ROOM TEMPERATURE 
The f a s t  f r a c t u r e  bend s t reng th  r e s u l t s  f o r  the  fou r  t rans format ion-  
toughened z i r c o n i a  m a t e r i a l s  are presented i n  F igure 15.* 
(Y,U3-stabi 1 ized)  i s  t he  s t rongest  ma te r ia l  tested,  having a room-temperature 
4-point  bend s t rength  o f  -130 k s i .  This i s  a r e s u l t  o f  i t s  small g ra in  s i z e  
(-2 urn vs. -50 urn f o r  t he  o ther  ma te r ia l s ) .  
ma te r ia l  was Ni lsen MS Mg-PSZ, w i t h  a room-temperature s t reng th  o f  -92 k s i .  
Also note i n  F igure  15 t h a t  these two mate r ia l s  exh ib i t ed  the  h ighest  Weibull 
moduli. The Weibul l  modulus i s  a measure o f  t h e  d ispers ion  o f  t he  s t reng th  
data. The NGK and N i lsen  ma te r ia l s  e x h i b i t e d  Weibull moduli o f  19.4 and 24.7, 
respec t ive ly .  These values were determined by a l i n e a r  least-squares regres-  
s ion  technique, us ing  t h e  sample popu la t ion  o f  e igh t .  These values o f  m, t he  
Weibul l  modulus, are h igh  f o r  ceramics, and i n d i c a t e  t h e  h igh  degree o f  pro-  
cess c o n t r o l  being achieved f o r  these mater ia ls .  
moduli f o r  Feldmuhle ZN-40 Mg-PSZ and Coors Mg-PSZ were 10.5 and 6.6, respec- 
t i v e l y .  These ma te r ia l s  e x h i b i t  p roper t i es  considerably  more var iab le .  It i s  
concluded t h a t  t he  NGK and N i lsen  ma te r ia l s  are more processing-mature, as 
i nd i ca ted  by h igher  s t reng th  and h igher  Weibull moduli. 
Weibull modulus i s  expected t o  be achieved w i t h  h igh  toughness ceramics. 
toughness means grea ter  f l aw  tolerance. 
NGK 2-191 TZP 
The s t rongest  MgO-stabi l ized 
I n  cont ras t ,  t h e  Weibul l  
Note t h a t  h igh  
This. i s  seen from the  G r i f f i t h  
High 
*Deta i led  r e s u l t s  a r e  tabu1 ated i n  t h e  Appendix, which i nc ludes  s t rength,  
f a i l u r e  s t r a i n ,  e l a s t i c  modulus, and f r a c t u r e  o r i g i n s .  
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r e l a t i o n ,  where s t r e n g t h  i s  p r o p o r t i o n a l  t o  t h e  toughness and i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  f l a w  s ize .  
s i z e  r e l a t i o n ,  i l l u s t r a t i n g  t h e  b e n e f i t  o f  h i g h  toughness, i s  shown i n  F i g u r e  
16. 
The s t r e n g t h - a l l o w a b l e  f l a w  
4.2 STRENGTH AT ELEVATED TEMPERATURE 
A t  e l e v a t e d  temperature,  F i g u r e  15 i l l u s t r a t e s  t h a t  t h e  f l e x u r e  s t r e n g t h  
o f  a l l  f o u r  m a t e r i a l s ,  Y-TZP as w e l l  as Mg-PSZ, decreases l i n e a r l y  w i t h  tem- 
p e r a t u r e  i n  t h e  range 25°-10000C. 
g r a n u l a r  e f f e c t  as i t  i s  i n  c o v a l e n t l y  bonded ceramics such as s i l i c o n  n i t r i d e  
which r e q u i r e  o x i d e  s i n t e r i n g  a i d s  t h a t  r e s u l t  i n  deformable g l a s s y  g r a i n  
boundary f i l m s .  
t ransformat ion-toughened z i r c o n i a  i s  i n t e r p r e t e d  t o  be t h e  r e s u l t  o f  t h e  
metastable t e t r a g o n a l  phase (which i s  r e s p o n s i b l e  f o r  h i g h  f r a c t u r e  toughness) 
becoming i n c r e a s i n g l y  s t a b l e  as t h e  t e s t  temperature i s  ra ised .  
degree o f  m e t a s t a b i l i t y  o f  t h e  t e t r a g o n a l  phase i s  what causes h i g h  toughness 
v i a  t h e  s t ress- induced m a r t e n s i t i c  phase t r a n s f o r m a t i o n  t h a t  occurs i n  t h e  
t e n s i l e  s t r e s s  f i e l d  ahead o f  t h e  advancing c rack  t i p .  Since t h e  t e t r a g o n a l  
phase i s  s t a b l e  f rom above approx imate ly  l l O O ° C ,  i t  f o l  ows t h a t  as t h e  t e s t  
temperature o f  t h e  bend t e s t  approaches l l O O ° C ,  t h i s  phase i s  l e s s  metastable 
(i.e., more s t a b l e ) ,  c o n t r i b u t e s  t o  toughening l e s s ,  and r e s u l t s  i n  lower  
s t rength .  Note t h a t  XRD r e s u l t s  ( r e f e r  t o  Table 3) f o r  t h e  f a s t  f r a c t u r e  
t e s t s  showed no change i n  phase assemblage as a f u n c t i o n  o f  temperature.  
t e t r a g o n a l  phase i s  s t i l l  present  as t h e  t e s t  temperature i s  r a i s e d ,  b u t  i t  i s  
more s t a b l e  and thus  c o n t r i b u t e s  t o  toughening and s t r e n g t h  r e t e n t i o n  t o  a 
l e s s e r  degree. 
T h i s  s t r e n g t h  r e d u c t i o n  i s  n o t  an i n t e r -  
Rather, l i n e a r  s t r e n g t h  r e d u c t i o n  w i th  temperature f o r  
The h i g h  
The 
T h i s  e f f e c t  o f  inc reased s t a b i l i t y  o f  t h e  t e t r a g o n a l  phase w i t h  inc reas-  
i n g  temperature and t h u s  l o s s  o f  p r o p e r t i e s  i s  i n h e r e n t  t o  t r a n s f o r m a t i o n -  
toughened z i r c o n i a .  Note i n  F i g u r e  15 t h a t  t h e  amount o f  f a s t  f r a c t u r e  
s t r e n g t h  decrease w i t h  temperature i s ,  i n  genera l ,  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  o r i g i n a l  room-temperature s t r e n g t h  o f  t h e  m a t e r i a l .  T h a t  i s ,  t h e  h i g h e r  
t h e  s t r e n g t h  a t  25OC, t h e  g r e a t e r  t h e  s t r e n g t h  l o s s  a t  e l e v a t e d  temperature.  
F o r  instance,  t h e  s t r e n g t h  l o s s  from 25" t o  750" 
and t h a t  o f  t h e  Feldmuhle m a t e r i a l  i s  36%. T h i s  temperature e f f e c t  i s  r e l a t e d  
t o  t h e  i n i t i a l  s t a t e  o f  t h e  metas tab le  t e t r a g o n a  p a r t i c l e s .  Over t h e  2 5 O -  
f o r  t h e  NGK m a t e r i a l  i s  54% 
41 
0 
L n  - 0 0 - 0 Ln 
I I I I I I 1 1 1  1 .  I I 1 I 1 1 
0 0 0 0 0 0 0 0 
0 0 0 3 0 0 
hl 
0 
N 0 rx) a 4- 4- - .- - 
42 
1000°C range, t h e  f a s t - f r a c t u r e  s t r e n g t h  r e d u c t i o n  i s  50-70%. The p r o p e r t i e s  
a r e  c o n t r o l l e d  by t h e  degree o f  m e t a s t a b i l i t y  o f  t h e  t e t r a g o n a l  phase. 
4.3 STRENGTH AFTER 1000 HR/1000"C STATIC THERMAL EXPOSURE 
The f a s t  f r a c t u r e  r e s u l t s  a r e  n o t  t o  be confused w i t h  overaging phenom- 
enon i n  TT-Zr02, which i n v o l v e s  te t ragonal - to-monocl  i n i c  phase t r a n s f o r m a t i o n ,  
and r e s u l t a n t  l o s s  i n  s t rength .  Overaging can occur  i n  t h e  absence of  s t r e s s .  
It b a s i c a l l y  i n v o l v e s  phase t r a n s f o r m a t i o n  t h a t  occurs as t h e  t e t r a g o n a l  phase 
conver ts  t o  monocl i n i c  a f t e r  pro longed t i m e  a t  e l e v a t e d  temperature. Physi-  
c a l  l y  , t h e  simp1 e s t  i n t e r p r e t a t i  on i s  p r e c i p i t a t e  o r  p a r t i  c l  e growth i n s i  ze 
t o  t h e  c r i t i c a l  d iameter  where t h e  m a t r i x  can no l o n g e r  c o n s t r a i n  t h e  p a r t i c l e  
i n  i t s  metas tab le  t e t r a g o n a l  c o n d i t i o n ,  r e s u l t i n g  i n  t r a n s f o r m a t i o n  t o  t h e  
m o n o c l i n i c  s t a t e .  For instance,  F i g u r e  17 i l l u s t r a t e s  t h e  r e d u c t i o n  i n  room- 
temperature s t r e n g t h  exper ienced by t h e  f o u r  cand ida te  z i r c o n i a  m a t e r i a l s  
a f t e r  t h e y  had been exposed i n  t h e  unst ressed s t a t e  i n  s t a t i c  l a b o r a t o r y  a i r  
f o r  1000 h r  a t  1000°C. Note t h a t  Y-PSZ ( i .e.,  NGK 2-191 TZP) i s  much more 
s t a b l e  w i t h  respec t  t o  overaging. 
s t r e n g t h  was l o s t  f o r  t h a t  Y-TZP a f t e r  1000 hr/lOOO°C exposure. 
m a t e r i a l s  exper ienced 30-70% s t r e n g t h  reduct ions.  X-ray d i f f r a c t i o n  analyses 
presented i n  Table 3 c o n f i r m  t h a t  t h i s  i s  an overaging phenomenon f o r  Mg-PSZ, 
and c o n f i r m  t h e  e x c e l l e n t  s t r e n g t h  r e t e n t i o n  o f  Y-TZP. Table 3a shows t h a t  
a f t e r  1000 hr/lOOO°C exposure, t h e  NGK 2-191 Y-TZP had t h e  same t e t r a g o n a l  
con ten t  (99-100%) as i t  had o r i g i n a l l y .  The r e f l e c t e d  l i g h t  micrograph o f  NGK 
2-191 a f t e r  1000 hr/1000"C exposure lends  f u r t h e r  suppor t  t o  t h i s  ev idence o f  
s t a b i l i t y  o f  Y-TZP. 
exposure, as seen i n  F i g u r e  8. 
I n  t h e  c u r r e n t  t e s t s ,  o n l y  7% o f  t h e  
The Flg-PSZ 
The m i c r o s t r u c t u r e  l o o k s  v i r t u a l l y  unchanged a f t e r  
I n  c o n t r a s t  i s  t h e  behav io r  o f  Mg-PSZ. Note i n  Table 3b t h a t  f o r  t h e  
pos t  1000 hr/lOOO°C exposure N i l s e n  !IS Mg-PSZ, f o r  ins tance,  b o t h  t e t r a g o n a l  
and c u b i c  conten ts  decreased by about a f a c t o r  o f  th ree ,  w i t h  corresponding 
inc rease i n  monoc l in ic  t o  a l e v e l  an o r d e r  o f  magnitude g r e a t e r  than was 
p r e s e n t  i n  unexposed m a t e r i a l .  Th is  i s  more than s imp le  overaging, where 
t e t r a g o n a l  conver ts  t o  monoc l in ic .  The a d d i t i o n a l  convers ion  o f  c u b i c  t o  
monocl i n i c  suggests t h a t  decomposi t ion and/or d e s t a b i l  i z a t i o n  a r e  a l s o  
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i nvo lved.  
o f  N i l s e n  MS Mg-PSZ a f t e r  t h e  extended exposure a t  1000°C. 
i n  t h e  micrograph i s  m o n o c l i n i c  z i r c o n i a .  
m o n o c l i n i c - r i c h  g r a i n  boundary phase has developed d u r i n g  t h e  1000 hr/100O0C 
thermal exposure. 
v e s t i g a t e d  on t h i s  program. 
degraded t o  a l e s s e r  e x t e n t  than d i d  N i l s e n  and Coors m a t e r i a l s .  
i l l u s t r a t e s  t h a t  Feldmuhle ZN-40 e x h i b i t e d  o n l y  a 30% s t r e n g t h  r e d u c t i o n  a f t e r  
1000 h r / l O O O ° C  exposure. 
t u r e  shown i n  F i g u r e  6. 
as pronounced as f o r  t h e  N i l s e n  and Coors m a t e r i a l s  ( t h e  m i c r o s t r u c t u r e s  o f  
which were shown i n  F igures  5 and 7, r e s p e c t i v e l y ) .  X-ray d i f f r a c t i o n  r e s u l t s  
a l s o  i l l u s t r a t e  t h e  g r e a t e r  s t a b i l i t y  o f  Feldmuhle ZN-40. Table 3c i l l u s -  
t r a t e s  t h a t  w h i l e  no t e t r a g o n a l  remained a f t e r  exposure ( i n d i c a t i v e  o f  over-  
aging, t + m) ,  t h e  c u b i c  conten t  d i d  n o t  decrease as much as t h e  o t h e r  Mg-PSZ 
m a t e r i a l s .  T h i s  i n d i c a t e s  g r e a t e r  r e s i s t a n c e  t o  decomposi t ion o r  d e s t a b i l i z a -  
t i o n .  
t u r a l  appearance, and phase assembl age. C l e a r l y ,  overagi  ng phenomena t o g e t h e r  
w i t h  decomposi t ion and/or des tab i  1 i z a t i o n  occur  s imu l taneous ly  and i n  v a r y i  ny 
degrees i n  Mg-PSZ m a t e r i  a1 s. 
The r e f l e c t e d  l i g h t  micrograph i n  F i g u r e  5 conf i rms t h e  degradat ion  
The l i g h t e s t  phase 
Therefore,  i t  i s  e v i d e n t  t h a t  a 
S i m i l a r  comments h o l d  f o r  t h e  o t h e r  Mg-PSZ m a t e r i a l s  i n -  
F i g u r e  17 
Note, however, t h a t  Feldmuhle ZN-40 Mg-PSZ 
Thi s c o r r e l a t e s  w i t h  t h e  post-exposure m i  c r o s t r u c -  
Note t h a t  t h e  monoc l in ic  g r a i n  boundary phase i s  n o t  
Therefore,  a c o r r e l a t i o n  e x i s t s  among s t r e n g t h  r e t e n t i o n ,  m i c r o s t r u c -  
Once Mg-PSZ i s  i n  an overaged c o n d i t i o n ,  no f u r t h e r  s t r e n g t h  r e d u c t i o n s  
I n  general  , no temperature e f f e c t  
The s t r e n g t h  a t  1000°C of t h e  overaged Mg-PSZ i s  rough ly  equ i -  
w i t h  temperature occur. 
s t r e n g t h  o f  exposed (overaged) m a t e r i a l s .  
i s  observed. 
v a l e n t  t o  i t s  r e s i d u a l  room-temperature s t rength .  
For instance,  F i g u r e  18 presents  t h e  1000°C bend 
SEN f rac tography  was conducted on a l l  t e s t e d  samples. Representat ive 
r e s u l t s  a r e  presented i n  F igures  19-23 f o r  NGK 2-191 Y-TZP, F igures  24-28 f o r  
N i l s e n  MS Mg-PSZ, F igures  29-33 f o r  Feldmuhle ZN-40 Mg-PSZ, and F igures  34-38 
f o r  Coors Mg-PSZ. I n  general ,  f r a c t u r e  o r i g i n s  i n  these t rans for rna t ion-  
toughened z i r c o n i a  m a t e r i a l s  were pores and pore c l u s t e r s ,  20 t o  100 
s ize .  
judged t o  be t h e  f r a c t u r e  o r i g i n s  i n  severa l  cases. 
i n  
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OF POOR QUALITY 
(a) Sample c o n t a i n i n g  a subsurface pore  
f r a c t u r e  o r i g i n  ( N G l F 4 ) .  
Figure 19. Frac ture  s u r f a c e s  of NGK 2-191 Y-TZP 
tested a t  25OC. 
47 
(b )  S a m p l e  ( t e n s i l e  surfaces t o g e t h e r )  showing a n  o p e n  
p o r e  f r a c t u r e  o r i g i n  (NGlF5).  
F i g u r e  19. (cont -1 
48 
(a) Sample which failed due to a subsurface pore 
cluster (NGlF6). 
Figure  20. F r a c t u r e  s u r f a c e s  o f  NGK 2-191 Y-TZP tested at 500'C. 
49 
(b) The m i r r o r  reg ion contains a subsurface pore 
c l u s t e r  ( N G I F ~ ) .  
Figure 20. (cont.) 
50 
(c)  Fracture origin i s  a large grain located a t  t h e  
bevel ( N G l F l O ) .  
Figure 20. (cont.) 
5 1  
(a) Wide, f l a t  mirror w i t h  a porous region fracture  
origin (NGIFII). 
(b) Higher magnification view of sample NGlF11 pore 
cluster  fracture origin.  
Figure 21. F r a c t u r e  s u r f a c e s  o f  NGK 2-191 Y-TZP tested a t  75OoC. 
52 
(c)  Sample tes ted  a t  750°C f a i l e d  due t o  a l a rge  sub- 
sur face pore f r a c t u r e  o r i g i n  (NGlF14). 
Figure 21. (cont.) 
53 
(a) Two views o f  the subsurface pore f r a c t u r e  o r i g i n  
w i t h i n  sample tested a t  1000°C ( t e n s i l e  surfaces 
l e f t ,  NGlF17) .  
Figure  22. F r a c t u r e  s u r f a c e s  o f  NGK 2-191 Y-TZP tested a t  1000°C. 
54 
( b )  Mirror region of a sample which contained a pore 
as  the fracture origin (NGlF20). 




(a) Mirror region showing a f a i r ly  f l a t  fracture 
surface (NGlF22). 
surface 
Tens i 1 e 
(b )  View of subsurface pore cluster  which was t h e  frac- 
. ture 'origin (NGlF22). 
Figure 23. Frac ture  s u r f a c e s  o f  NGK 2-191 Y-TZP tested a t  25'C 
a f t e r  1000 hr/lOOO°C exposure .  
surf ace 
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(c)  Sample NGlF24 which contained a corner mirror 
reg ion. 
(d) Origin i n  quarter-round mirror of above sample 
was a pore a t  t h e  tensile surface near t h e  
bevel (NGlF24). 
Figure 23. (cont.) 
57 
ces of Nilsen MS-grade Mg-PSZ 
l e  ( N V l F 3 )  c o n t a i n e d  a sub-  
58 
Figure 25. F r a c t u r e  s u r f a c e s  o f  Nilsen MS Mg-PSZ 
sample N V l F 9  tested a t  500OC. The sample contained a 
p o o r l y  sintered r e g i o n ,  i n d i c a t e d  b y  i n t r a g r a n u l a r  
f r a c t u r e ,  which was the f r a c t u r e  o r i g i n .  Note the 
inter- and i n t r a g r a n u l a r  p o r o s i t y  and the g r a i n  
f a c e t s  e 
4%&. & 
(b) Enlarged view o f  the surface connected pore 
f r a c t u r e  o r i g i n .  
60 
(a) Sample NVlF16. 
ce MS Mg-PSZ tes ted  
lu 
61 
(c) Sample NVlF20. 
62 
(a) Sample NVlF23. 
(b) Higher magnification view of the large grain 
fracture origin (NVlF23). 
Figure 28 .  Frac ture  s u r f a c e s  o f  Nilsen MS Mg-PSZ 
tested a t  25OC a f t e r  1000 hr/lOOO°C exposure .  
63 
F i g u r e  28. (cont.) 
64 
(a) Sample failed at a subsurface pore (WlF2) .  
origin. 
ldmuhZe ZN-40 Mg-PSZ 
65 
(a) Sample KFlF8 contained a subsurface porous region 
as the fracture origin. 
(b) Sample KFlF8 at higher magnification. 
Figure 30. Frac ture  s u r f a c e s  of Feldmuhle ZN-40 Mg-PSZ 
tested a t  50O0 C.  
66 
(c) Sample KFlF7, which a l so  had a poor ly  s in te red  
porous reg ion as i t s  f r a c t u r e  o r i g i n .  Note 
po ros i t y  and g r a i n  facets .  
Figure  30. (cont . ) 
67 
(a) Sample having an open pore on the  t e n s i l e  sur-  
face a5 the  f r a c t u r e  o r i g i n  ( K F l F 1 4 ) .  
(b) Enlarged view o f  the  open pore w i t h i n  a g r a i n  
a t  t he  t e n s i l e  surface, which was the  o r i g i n  
( K F l F 1 4 ) .  
Figure  31. Frac ture  s u r f a c e s  o f  Feldmuhle ZN-40 Mg-PSZ 
tested a t  75OoC. 
68 
(a) Low magnif icat ion view o f  the m i r ro r  showing 
the region where the poorly bonded grains 
f rac tu re  o r i g i n  spa1 led o f f  (KFlF16).  
(b) Higher magnif icat ion view o f  above sample showing 
where grains had not s intered (KFlF16). 
Figure 32. Fracture s u r f a c e s  o f  F e l d m h l e  ZN-40 Mg-PSZ 
t e s t e d  a t  1000°C. 
69 
(c) Wide f l a t  mirror region containing a slit-shaped 
region (perpendicular to the tensile surface) 
where grains were poorly bonded ( K F I F 1 9 ) .  
70 
(a) Sample which contained a pore c l u s t e r  a t  t h e  bevel 
as t h e  f r a c t u r e  o r i g i n  (KFlF22) .  
(b)  Higher magn i f i ca t ion  view o f  the pores open to  
the  sur face a t  t he  bevel (KFlF22) .  
Figure 33. Fracture s u r f a c e s  of Feldmuhle ZN-40 Mg-PSZ 
a t  25OC a f t e r  1000 h r / l O O O ° C  exposure.  
71 
( c )  Sample KFlF23 which had a small mirror region. 
(4 
Figure 3 3 .  (cont.) 
72 
(a) Low magnification photograph indicating the frac- 
ture origin and lack of typical fracture surface 
features ( C B l  F3) .  
Tens i 1 e 
surf ace 
(b) Higher magnification photograph of the above 
sample showing the subsurface fracture origin 
(CBlF3). 
Figure 3 4 .  Fracture s u r f a c e s  o f  Coors (3% M g O )  Mg-PSZ 
r e p r e s e n t a t i v e  o f  t y p i c a l  pore f r a c t u r e  o x i g i n s  for  
samples tested at 25OC. 
73 
Figure  3 5 .  SEM micrograph of Coors Igg-FSZ showing 
a f r a c t u r e  s u r f a c e  hav ing  a n  undetermined f r a c t u r e  
o r i g i n  (sample CBIF7  t e s t e d  i n  4 - p o i n t  f l e x u r e  a t  
5OOOC) .  
74 
(a) Low magn i f i ca t i on  view showing an open pore a t  
the t e n s i l e  surface, which was the  f r a c t u r e  
o r i g i n  (CBlF14). 
(b) View o f  above sample showing the  3 0  pm open 
pore ( a t  r i g h t )  which was the f r a c t u r e  o r i g i n  
(CBlF14). 
Figure  36. Fracture s u r f a c e s  of Coors Mg-psz 
tested a t  750OC. 
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(a) Sample containing a region of poorly sintered 
grains at the tensile surface which became the 
fracture origin (CBlF16). 
acted as the fracture origin (CBlF17). 
ors Mg-PSZ tested 
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Figure 38.  Opt ica l  micxographs of COQXS Mg-PSZ t e s t e d  
Fa i lure  due t o  p o r o s i t y  as shown. 
in' 4-point flexuxe a t  25'C after 1000 hr/100O0C s t a t i c  
a i r  exposure.  
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4.4 SUMMARY OF ZIRCONIA STRENGTH 
It i s  o f t e n  i n f o r m a t i v e  t o  present  s t r e n g t h  d a t a  i n  a Weibul l  format,  
where t h e  f a i l u r e  p r o b a b i l i t y  i s  p l o t t e d  as a f u n c t i o n  of s t ress .  The ana ly -  
s i s  used f o l l o w e d  Johnson, 11 where a two-parameter d i s t r i b u t i o n  was employed 
w i t h  n/N + 1 p r o b a b i l i t y  rank ing,  and t h e  Weibul l  modulus was determined f rom 
a l i n e a r  leas t -squares  ana lys is .  The r e s u l t s  f o r  each o f  t h e  f o u r  z i r c o n i a  
m a t e r i a l s  eva lua ted  on t h i s  program a r e  prov ided i n  F igures  39-42, where a l l  
t e s t  c o n d i t i o n s  a r e  inc luded.  These curves i l l u s t r a t e  how t h e  Weibul l  d i s t r i -  
b u t i o n  s h i f t s  w i t h  temperature and overaging. F igures  43-47 are  arranged so 
t h a t  t h e  f o u r  m a t e r i a l s  can be d i r e c t l y  compared f o r  each t e s t  c o n d i t i o n .  
The bend s t r e n g t h  da ta  f o r  t h e  f o u r  t ransformat ion-toughened z i r c o n i a  
m a t e r i a l s  a r e  summarized i n  t a b u l a r  form i n  Table 6. To summarize, a l l  
t ransformat ion-toughened z i r c o n i a  m a t e r i a l s  e x h i b i t  s i g n i f i c a n t  s t r e n g t h  
decrease w i t h  temperature.  Y t t r i a - s t a b i l  i z e d  TZP, however, e x h i b i t s  a much 
more s t a b l e  m i c r o s t r u c t u r e  and phase assemblage w i t h  respec t  t o  extended 
e l e v a t e d  temperature overaging. 
TABLE 6. SUMMARY OF Z I R C O N I A  STRENGTH DATA 
4-Poi n t  F1 exura l  S t rength  ,a p s i  
A f t e r  1000 h r /  
As-Received 
M a t e r i a l  25'Cb loooocc 25 O C C  1000°Cd 
NGK 2-191 Y-TZP 129,090 40,320 119,840 5, 790e 
N i l s e n  MS Plg-PSZ 92,450 41,600 39,350 46,870 
Feldmuhle ZN-40 Mg-PSZ 61,830 30,860 43,210 36 , 060 
Coors Mg-PSZ 69,880 23,740 21,140 31,740 
a1/8 x 1/4 x 2 1 /4  in .  specimen; upper and lower  spans 0.875 and 1.750 in., 
bSample p o p u l a t i o n  = 8. 
%ample p o p u l a t i o n  = 5. 
'Sample p o p u l a t i o n  = 1. 
eSample cracked; may be anomalous, a t y p i c a l ,  and n o t  representa t ive .  
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Figure 41. Weibull plot  for Feldmuhle Z N - 4 0  Mg-PSZ f o r  f i v e  t e s t  conditions. 
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10 20 30 40 50 60 70 80 90 130 i 2 0  i 4 3  
S t r e s s r  k s ;  
WEIBULL CHARACTERISTIC 
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0 Feldmuhle ZN-40 Mg-PSZ 2 0 .  59 44- 15 
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Figure  47.  W e i b u l l  p l o t  f o r  c a n d i d a t e  z i r c o n i a  m a t e r i a l s  a t  253C, 
a f t e r  1000 h r / l O O O ° C  e x p o s u r e .  
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5. ELASTIC MODULUS/STRESS-STRAIN BEHAVIOR 
The dynamic e l a s t i c  modulus was measured by a f l e x u r a l  resonant f requency 
The s t a t i c  o r  r e l a x e d  modulus was determined by 
A t  e l e v a t e d  
techn ique from 25" t o  1000°C. 
measuring t h e  o u t e r  f i b e r  t e n s i l e  s t r a i n  d u r i n g  f l e x u r a l  s t r e n g t h  t e s t i n g ,  
Resis tance s t r a i n  gages were used t o  measure de format ion  a t  25°C. 
temperature,  a p r e c i s i o n  e lect romechanica l  ins t rument  was employed, where 
de format ion  was recorded a t  t h r e e  p o s i t i o n s  on t h e  sample t e n s i l e  face w i t h i n  
t h e  r e g i o n  o f  pure  bending (i.e., w i t h i n  t h e  upper span l e n g t h )  as shown i n  
F i g u r e  48. This  was accomplished by ex tend ing  S i c  rods from an LVOT c o i l  and 
core  up th rough t h e  furnace t o  t h e  sample. I n  t h i s  manner, t h e  o u t e r  f i b e r  
t e n s i l e  s t r a i n  was d i r e c t l y  recorded, w i t h o u t  t h e  need t o  empl oy p o t e n t i a l  l y  
i n a c c u r a t e  methods o f  s u b t r a c t i n g  ou t  t h e  f i x t u r e / l o a d  r o d  deformat ions.  The 
cont inuous s t r e s s - s t r a i n  curves obta ined a r e  very h e l p f u l  i n  assessing mate- 
r i a1 behavi or .  
5.1 M B I E N T  TEMPERATURE ELASTIC MODULUS 
Resu l ts  a t  ambient room temperature are prov ided i n  Tables 7 and 8. It 
i s  observed t h a t  t h e  dynamic e l a s t i c  modul i  are approx imate ly  5-7% h i g h e r  than 
t h e  s t a t i c  r e l a x e d  e l a s t i c  modul i  (-29.4 vs. 27.7 x 1 0 6  p s i  on t h e  average). 
Th is  i s  common f o r  many ceramic m a t e r i a l s  and i s  r e l a t e d  t o  p l a s t i c i t y  
e f f e c t s .  The de format ion  i s  very  smal l  i n  t h e  dynamic t e s t ,  and l a r g e  i n  t h e  
s t a t i c  t e s t .  The e l a s t i c  modul i  o f  t h e  f o u r  as-received z i r c o n i a  m a t e r i a l s  
eva lua ted  agreed t o  w i t h i n  3%. 
Note t h a t  t h e  room-temperature e l a s t i c  modul i  d i d  n o t  change a p p r e c i a b l y  
The NGK Y-TZP modulus was t h e  same b e f o r e  and a f t e r  1000 hr/lOOO°C exposure. 
a f t e r  exposure. T h i s  was expected s i n c e  t h e  s t r e n g t h ,  m i c r o s t r u c t u r e ,  and 
phase assemblage were n o t  a f f e c t e d  e i t h e r .  N i l  sen and Feldmuhle Mg-PSZ mate- 
r i a l s  were shown above t o  be a p p r e c i a b l y  overaged and decomposed/destabi l ized 
a f t e r  t h e  1000 hr/1000"C exposure, and t h e i r  s t rength ,  phase assemblage, and 
m i c r o s t r u c t u r e  s i g n i f i c a n t l y  degraded. Tab le  7 i l l u s t r a t e s ,  however, t h a t  t h e  
e l a s t i c  modulus o f  these Mg-PSZ m a t e r i a l s  changed by o n l y  2 t o  3%, a t  most, 


























TABLE 7. ROOM TEMPERATURE ELASTIC MODULUS OF Z I R C O N I A  
Young’s E l a s t i c  Modulus, 106 p s i  
A f t e r  1000 h r /  
As-Received 1000°C Exposure 
Mater i a1 Re1 axeda Dynamic b Re1 axeda Dynamic b 
NGK 2-191 Y-TZP 27.4 28.9 27.5 28.9 
N i l s e n  MS Mg-PSZ 27.2 29.3 27.1 30.2 
Feldmuhle ZN-40 Mg-PSZ 28.0 29.8 27.2 29.2 
Coors Mg-PSZ 28.0 29.5 18.3 -2 7 .O -- 
aDetermined w i t h  r e s i s t a n c e  s t r a i n  gages d u r i n g  f l e x u r a l  s t r e n g t h  t e s t .  
bF1 exura l  resonant  f requency method. 
The Coors Mg-PSZ, however, was more s e v e r e l y  a f fec ted .  It was shown 
p r e v i o u s l y  t h a t  t h i s  m a t e r i a l  e x h i b i t e d  an average s t r e n g t h  decrease o f  70% 
due t o  t h e  exposure ( F i g u r e  17 and Table 6) .  Table 7 shows t h e  range o f  room- 
temperature e l a s t i c  modul i  ob ta ined f o r  Coors Mg-PSZ a f t e r  exposure. Appendix 
Table A20 i l l u s t r a t e s  t h a t  t h e  s t r e n g t h  degradat ion  was n o t  as u n i f o r m  as f o r  
t h e  o t h e r  m a t e r i a l s .  Roughly h a l f  t h e  exposed Coors samples t e s t e d  e x h i b i t e d  
a 64% s t r e n g t h  decrease, and a 6% e l a s t i c  modulus decrease. The o t h e r  h a l f  
were more severe ly  a f f e c t e d ,  showing s t r e n g t h  and e l  a s t i c  modulus degradat ion  
o f  80% and 33%, r e s p e c t i v e l y .  Note t h a t  X-ray r e s u l t s  (Tab le  3d) i l l u s t r a t e d  
t h a t  t h e  Coors m a t e r i a l  degraded t h e  most a l s o  ( w i t h  respec t  t o  phase 
c o n t e n t ) .  A f t e r  exposure t h e  phase composi t ion was 80% monoc l in ic .  
surmised t h a t  t h e  Coors Mg-PSZ i s  more microcracked than t h e  o t h e r  Mg-PSZ 
m a t e r i a l s .  The behav io r  o f  t h e  N i l s e n  m a t e r i a l  i l l u s t r a t e d  t h a t  e l a s t i c  
modulus i s  r a t h e r  i n s e n s i t i v e  t o  overaging phenomena. The 33% decrease i n  
e l a s t i c  modulus f o r  t h e  overaged Coors Mg-PSZ t h e n  c o u l d  o n l y  be exp la ined by 
much more ex tens ive  mic rocrack ing  which accompanied t h e  t r a n s f o r m a t i o n  t o  
monoc l in ic .  Th is  would a l s o  e x p l a i n  t h e  l a r g e r  s t r e n g t h  decrease f o r  t h e  
exposed Coors m a t e r i a l .  
f requency peak broadening p r e c l  uded accurate dynamic e l a s t i c  modulus measure- 
ment f o r  t h e  exposed Coors Mg-PSZ. 
a1 so. 
It i s  
Also, no te  i n  Table 8 t h a t  s i g n i f i c a n t  ampl i tude-  
Extens ive mic rocrack ing  would e x p l a i n  t h i s  
TABLE 8. DYNAMIC ELASTIC MODULUS OF ZIRCONIA 
Dynamic Young’s Modulus,a lo6 psi 
SampJ e After 1000 hr/1000’C 



























Avg 29.3 Avg 30.2 
- - 






Avg 29.1 Avg 29.9 
- - 






Avg 29.8 Avg 29.2 
 - 









TABLE 8. (cont . )  
Sample 
No. b 
Dynamic Young's Modulus,a l o 6  psi 
After 1000 hr/1000'C 
As-Recei ved S ta ti c Exposure 






Avg 28.9 Avg 28.9 
- - 
aDetermined a t  25°C by f l e x u r a l  r e sonan t  f r e -  
quency method. 
bNote t h a t  as-received,  as-exposed da ta  were 
obtained on f i v e  d i f f e r e n t  sample sets from 
each material l o t .  
too  g r e a t l y  t o  permit measurement of 
r e sonan t  frequency from w h i c h  t o  compute the 
dynamic modulus. However, s t a t i c  measurements 
(i.e., bend test) i n d i c a t e  the e las t ic  modu- 
lus decreased s u b s t a n t i a l l y .  Values ranged 
from 17-27 x lo6 p s i .  
'Dynamic amp1 i tude-frequency peak broadened 
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5.2 ELEVATED TEMPERATURE ELASTIC 
Elevated  temperature e l  a s t i c  modul us measurements were c o n v e n i e n t l y  made 
u s i n g  t h e  dynamic f l e x u r a l  resonant f requency method. The techn ique i n v o l v e d  
suspending a r e c t a n g u l a r  b a r  sample (0.090 x 0.25 x 2.500 in . )  i n  a furnace, 
and measuring t h e  f l e x u r a l  resonant f requency as t h e  fu rnace temperature was 
increased. The use o f  f l  ame de-s i  zed N i  ppon Carbon N i  c a l  on@ S i  C y a r n  t o  sus- 
pend t h e  sample as w e l l  as t o  t r a n s m i t  i n p u t  and o u t p u t  mechanical v i b r a t i o n s  
made t h i  s ext remely amenabl e t o  h i g h  temperature measurement. 
S ic  y a r n  can r e a d i l y  be used i n  a i r  atmosphere ( a  d i s t i n c t  advantage over  
p r e v i o u s l y  used g r a p h i t e  yarn)  and i s  e a s i l y  coupled t o  t e s t  samples y i e l d i n g  
a minimum o f  system resonances ( o f t e n  a problem w i t h  p r e v i o u s l y  used p la t inum-  
rhodium w i r e ) .  
The amorphous 
The measured dynamic e l a s t i c  modulus as a f u n c t i o n  o f  temperature t o  
lO0OoC f o r  each of t h e  f o u r  Z r O  m a t e r i a l s  i s  presented i n  F i g u r e  49-52. The 
i n d i v i d u a l  da ta  p o i n t s  a r e  given, i l l u s t r a t i n g  s p e c i f i c  reg ions  o f  t h e  thermal 
c y c l e  (i.e., upon h e a t i n g  o r  c o o l i n g ,  r e p l i c a t e  runs, etc.).  I n  genera l ,  t h e  
e l a s t i c  modulus o f  z i r c o n i a  decreased f rom a va lue  o f  approx imate ly  29.5 x 106 
p s i  a t  25"C, t o  va lues around 23 x 106 p s i  a t  1000°C. Note i n  F i g u r e  49 t h e  
e x c e l l e n t  agreement w i t h  1 i t e r a t u r e  d a t a l 2  f o r  Y-PSZ. F igure  53 presents  t h e  
modul us-temperature re1 a t i  on f o r  each o f  t h e  z i  r c o n i  a m a t e r i  a1 s i n v e s t i g a t e d .  
Note t h a t  t h e  t h r e e  Mg-s tab i l  i z e d  m a t e r i a l s  e x h i b i t  s i m i l a r  behavior.  
s l i g h t l y  lower  e l a s t i c  modulus f o r  t h e  NGK Y - s t a b i l i z e d  m a t e r i a l  i s  most 
p robab ly  exp la ined by t h e  s i g n i f i c a n t  s i l i c a - r i c h  i n t e r g r a n u l a r  r e g i o n s  i n  
t h i s  m a t e r i a l ,  t h e  e l a s t i c  modulus of  s i l i c a  be ing  about a t h i r d  o f  t h a t  f o r  
z i r c o n i a  ( r e f e r  t o  spec t rograph ic  a n a l y s i s  r e s u l t s  presented i n  Table 4) .  
2 
The 
For t h e  most mature Ng- and Y-PSZ m a t e r i a l s  ( i  .e., N i l  sen and NGK), t h e  
e l e v a t e d  temperature dynamic e l a s t i c  modulus was measured a f t e r  1000 hr/100O0C 
exposure. The r e s u l t s  a re  presented i n  F igures 54 and 55. As p r e v i o u s l y  
s ta ted ,  t h e  extended exposure has l i t t l e  e f f e c t  on e l a s t i c  modulus ( a  2-3% 
e f f e c t  a t  most). Any decreases i n  modulus cou ld  he  a t t r i b u t e d  t o  increased 
m i c r o c r a c k i n g  and increased monocl i n i c  c o n t e n t  ( l o w e r  d e n s i t y )  upon averaging/ 
d e s t a b i l i z a t i o n .  Any increases i n  modulus c o u l d  conce ivab ly  be caused b y  
c r y s t a l l i z a t i o n  o f  a g l a s s  phase, f o r  instance.  
Mg-PSZ curve shown i n  F i g u r e  55 i s  n o t  exp la inab le .  It i s  no t  known whether 
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o r  n o t  t h i s  minimum i s  r e p r o d u c i b l e .  Note t h a t  t h e  exposed and unexposed 
modulus-temperature curves i n  F igures  54 and 55 was ob ta ined on d i f f e r e n t  
samples f o r  each m a t e r i a l  ( i  .e., t h e  same sampl e was n o t  measured over  t h e  
25°-10000C range b o t h  b e f o r e  and a f t e r  exposure) e 
ESS-STRAIN BEHAVIOR 
It i s  ex t remely  i n f o r m a t i v e  t o  observe t h e  s t r e s s - s t r a i n  behav io r  o f  
these transformat ion-toughened z i r c o n i a  m a t e r i a l s .  Th is  was measured d u r i n g  
f a s t - f r a c t u r e  f l e x u r e  t e s t i n g  f rom 25" t o  1000°C, and i s  p rov ided f o r  each 
z i r c o n i a  i n  F igures  56-59. Feldmuhle ZN-40 Mg-PSZ, Coors Mg-PSZ, and NGK 
2-191 Y-TZP m a t e r i a l s  a l l  e x h i b i t e d  l i n e a r  s t r e s s - s t r a i n  behav io r  a t  a l l  
temperatures f rom 25" t o  1000°C. Th is  i l l u s t r a t e s  t h e  absence o f  g lassy  g r a i n  
boundary phases i n  these m a t e r i a l s .  Th is  i s  s i g n i f i c a n t  f o r  t h e  NGK m a t e r i a l  , 
s ince  it has -1% i n t e r g r a n u l a r  s i l i c a  phase, which i s  d e t r i m e n t a l  from a creep 
r e s i s t a n c e  s tandpo in t  ( t o  be discussed i n  Sec t ion  8). 
N i l s e n  PIS Mg-PSZ, however, e x h i b i t e d  n o n l i n e a r  s t r e s s - s t r a i n  behavior  a t  
25"C, and l i n e a r  s t r e s s - s t r a i n  behav io r  a t  a l l  e l e v a t e d  temperatures ( F i g u r e  
57). Th is  i s  i n t e r e s t i n g ,  and i s  r e l a t e d  t o  t h e  p a r t i c u l a r  c o n d i t i o n  o f  t h e  
t e t r a g o n a l  phase, and how c l o s e  t o  t r a n s f o r m a t i o n  t h e  p r e c i p i t a t e s  are. For 
instance,  f o r  t h e  N i l s e n  m a t e r i a l  ( F i g u r e  57) t h e  s t r e n g t h  and toughness a t  
t h e  e l e v a t e d  temperatures (>5OO0C) a r e  reduced enough t h a t  t h e  h i g h  s t r e s s  
l e v e l s  r e q u i r e d  f o r  t r a n s f o r m a t i o n  a r e  n o t  a t t a i n e d .  
temperature s t r e s s - s t r a i n  curves remain 1 inear .  
Therefore,  t h e  e leva ted  
A f t e r  1000 hr/1000"C exposure, F igures 60-63 compare t h e  r e s i d u a l  ambient 
temperature s t r e s s - s t r a i n  curves. 
these curves are  almost superimposed. This  i s  c o n s i s t e n t  w i t h  t h e  s u p e r i o r  
s t a b i l i t y  o f  t h i s  m a t e r i a l  as p r e v i o u s l y  discussed. Note i n  F i g u r e  63 t h a t  
t h e  Coors m a t e r i a l  e x h i b i t s  a n o n l i n e a r  s t r e s s - s t r a i n  curve  a f t e r  t h e  1000 
hr/lOOO°C exposure. 
s i v e  mic rocrack ing  i n  t h i s  m a t e r i a l  a f t e r  exposure. 
Note i n  F i g u r e  60 t h a t  f o r  NGK 2-191 TZP, 
Th is  i s  c o n s i s t e n t  w i t h  t h e  mount ing evidence o f  exten- 
The f a i l u r e  s t r d i n s  f o r  each m a t e r i a l  as a f u n c t i o n  o f  t e s t  temperature 
are  prov ided i n  F i g u r e  64. The m a t e r i a l s  w i t h  t h e  h ighes t  s t rength ,  i.e., NGK 
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decrease i n  f a i l u r e  s t r a i n  w i t h  temperature exh ib i t ed  by a1 1 m a t e r i a l s  fo l lows 
the  s t rength  reduct ion as a func t i on  o f  temperature. 
The mechanical p roper t i es  (s t rength,  f a i l u r e  s t ra in ,  and e l a s t i c  modulus) 
f o r  a l l  z i r c o n i a  ma te r ia l s  evaluated, both as-received and a f t e r  1000 h r /  
1000°C exposure, a r e  summarized i n  Table 9. 
decreases from -29.5 x 106 ps i  a t  25°C t o  nominal ly 23 x 106 p s i  a t  1000°C. 
A f t e r  1000 hr/1000"C thermal exposure, t h e  dynamic e l a s t i c  modulus on ly  
changed - 2 4 %  f o r  both Y-TZP and Mg-PSZ (Ni lsen)  mater ia ls .  The e l a s t i c  modu- 
l u s  i s  a p roper ty  r e l a t e d  t o  in te ra tomic  bonding and i s  a func t i on  o f  tempera- 
t u r e  only; it i s  not  a f fec ted  by t h e  r e l a t i v e  amounts o f  cubic, te t ragona l ,  
and monocl in ic  phases i n  the  s t ruc tu re .  
cant microcracking accompanies the  phase changes dur ing  exposure. The develop- 
mental Coors ma te r ia l  was found t o  e x h i b i t  as much as a 30% modulus decrease 
due t o  t h i s  e f f e c t .  
The e l a s t i c  modulus genera l l y  
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6. FRACTURE TOUGHNESS 
F r a c t u r e  toughness values, Kc, were determined u s i n g  a m o d i f i e d  
i n d e n t a t i o n - s t r e n g t h  method. The o b j e c t i v e  was t o  observe t h e  re1  a t i v e  change 
i n  toughness o f  each m a t e r i a l  as a f u n c t i o n  o f  temperature and long- te rm 
s t a t i c  a i r  exposure (1000 hr/100O0C). 
The i n d e n t a t i o n - s t r e n g t h  method o f  Chant iku l  e t  a l  . I 3  was chosen f o r  t h i s  
work, where s t r e n g t h  i s  r e l a t e d  t o  m a t e r i a l  toughness by t h e  equat ion :  
i s  a d imension less cons tan t  
O V  
where: 
E / H  i s  t h e  r a t i o  o f  e l a s t i c  modulus t o  hardness, GPa/GPa 
CT i s  t h e  i n d e n t a t i o n  f l e x u r e  s t rength ,  MPa 
P i s  t h e  i n d e n t a t i o n  c o n t a c t  load, MN 
I n i t i a l  measurements were necessary t o  determine t h e  proper  i n d e n t a t i o n  load, 
P, t o  be used f o r  b o t h  f i n e  g r a i n  Y-TZP and coarse g r a i n  Mg-PSZ m a t e r i a l s .  
determine t h e  proper i n d e n t a t i o n  load,  samples hav ing i n d e n t a t i o n  loads  o f  5 
t o  20 k g f  (4.9 x 10-5 t o  1.96 x 10-4  PIN) were t e s t e d  i n  4 -po in t  f l e x u r e  a t  
ambient temperature and a t  1000°C. It was found t h a t  some Coors and Feldmuhle 
Mg-PSZ samples f a i l e d  a t  n a t u r a l  f laws i n s t e a d  of  a t  t h e  i n d e n t a t i o n s ,  t h e r e b y  
i n v a l i d a t i n g  them f o r  t h e  toughness measurement. It was t h e r e f o r e  decided t o  
t e s t  t h e  m a t e r i a l s  i n  t h e  3 - p o i n t  c o n f i g u r a t i o n  i n  o r d e r  t o  assure f a i l u r e  a t  
t h e  i n d e n t a t i o n .  An i n d e n t a t i o n  l o a d  of 20 kgf (1.96 x 1 0 - 4  !IN) was chosen as 
t h e  one which would assure a c o n t r o l l e d  f l a w  l a r g e  enough ( r e l a t i v e  t o  g r a i n  
s i z e  and n a t u r a l  f l a w s )  t o  be t h e  f r a c t u r e  o r i g i n .  
To 
I n d e n t a t i o n s  were made u s i n g  a V i c k e r ' s  Hardness t e s t  machine. They were 
The i n d e n t a t i o n  l o a d  d u r a t i o n  was 15 sec. The i n d e n t a t i o n  axes were 
made a t  room temperature,  i n  -40% r e l a t i v e  humid i ty ,  j u s t  p r i o r  t o  f l e x u r e  
t e s t i n g .  
o r i e n t e d  p a r a l l e l  t o  t h e  sample l e n g t h  and width.  
i n d e n t a t i o n  annealed, n o r  was any o i l  p laced on t h e  i n d e n t a t i o n s ,  s i n c e  a t  
e leva ted  temperature those t reatments would be i n e f f e c t u a l .  Table 10 
The samples were n o t  p o s t -  
1 .  
TABLE 10. PARAMETERS FOR Kc CALCULATION 
Samples 
e 1/4 x 1/8 x 2 1/4 i n .  f l e x u r e  bars 
o As-received, as-machined sur faces 
Avg. Surface 
F i n i s h  
Microinches 
Mater i  a1 ( RMS 1 
Coors 3% MgO-PSZ 32 
Feldmuhl e ZN-40 Mg-PSZ 52 
11 
NGK 2-191 Y-TZP 15 
N i  1 sen MS-grade Mg-PSZ 
Cont ro l  1 ed F1 aw 
o One V icker 's  i nden ta t i on  a t  center  o f  t e n s i l e  sur face 
e Indenta t ion  load = 20 k y f  = 196 N 
18 No post - indenta t ion  anneal 
8 Indenta t ions  no t  covered w i th  immersion o i l  
F1 e x u r e  T e s t i  ng 
a 3-po in t  con f i gu ra t i on  
o Lower span 1.75 i n .  
o A l l  t e s t i n g  i n  a i r  
I) Re la t i ve  humid i ty  = 35-45% 
o One break per  sample 
o Frac ture  surfaces o f  a l l  samples examined 
Crosshead deformat ion r a t e  = 0.02 ipm 
f o r  v a l i d  f a i l u r e  
K, Cal cul a t i o n  - 
R 
a qV = 0.59 assumed 
Q E/H considered equal t o  20 f o r  a l l  t e s t  cond i t i ons  
Q Frac ture  surfaces o f  a l l  samples examined f o r  
Val i d  f a i l u r e  
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summarizes t h e  t e s t  and c a l c u l a t i o n  parameters. 
va lues o f  i n d e n t a t i o n  d iagonals ,  a. 
approx imate ly  t w i c e  t h e  average c u b i c  g r a i n  s ize.  
va lue  i s  t h a t  o f  a f l a w  approx imate ly  an o r d e r  of  magnitude l a r g e r  t h a n  t h e  
average g r a i n  s ize .  I n  genera l ,  t h e  post-exposure room temperature average 
va lue  o f  t h i s  parameter (a)  f e l l  w i t h i n  one s tandard d e v i a t i o n  o f  t h e  average 
unexposed v a l u e  o f  a. 
Table 11 i n d i c a t e s  mean 
For M g - s t a b i l i z e d  m a t e r i a l s ,  t h e  va lue  i s  
For t h e  NGK Y-TZP, t h i s  
The m a t e r i a l  toughness was c a l c u l a t e d  accord ing  t o  t h e  equat ion  above. 
F i r s t ,  t h e  Two assumptions were made i n  o r d e r  t o  per form t h e  c a l c u l a t i o n s .  
c o n s t a n t  0; was assumed t o  b e  0.59, based upon t h e  r e f e r e n c e  work13914 and 
work done by Schio1er.k5916 Second, t h e  r a t i o  o f  e l a s t i c  modulus t o  hardness 
was assumed cons tan t  over  t h e  range o f  temperature and exposures, 
S c h i o l e r l 5 ' 1 6  found t h e  maximum e r r o r  t o  be 25% when t h e  s p e c i f i c  r a t i o  f o r  
each m a t e r i a l  was used and compared t o  t h e  assumed E/H va lue  o f  20." Lawn's17 
comment on t h e  cho ice  o f  20 f o r  E/H was t h a t  v a r i a t i o n s  o f  10 G E/H < 50 adds 
no more than * l o% e r r o r  i n  Kc measurement. Th is  i s  t r u e  p r i m a r i l y  because E/H 
i s  r a i s e d  t o  a smal l  power ( 1 / 8 )  i n  t h e  equat ion  t o  determine K,. 
TABLE 11. AVERAGE V I C K E R ' S  INDENTATION S I Z E  
FOR INDENTATIONS MADE AT ROOM TEMPERATURE 
(Load = 20 k g f  = 196 N) 
I n d e n t a t i o n  D i  agonal (a), ,ma 
M a t e r i a l  Unexposed 1000 h r  / 1000°C 
NGK 2-191 Y-TZP 101.0 (7.2) 104.8 (2.2) 
Coors Mg-PSZ 130.6 (15.0) 1 57b 
N i l  sen MS Mg-PSZ 127.4 (10.6) 136.0 (4.8) 
F e l  dmuhl e ZN-40 115.8 (16.5) 103.3 (8.4) 
Mg-PSZ 
aNumbers i n  parentheses represent  t h e  s tandard d e v i a t i o n ,  
i n  micrometers.  
sample o n l y .  
*For unexposed m a t e r i a l  a t  room temperature, E / H  va lues  ranged f rom 16.6 f o r  
N i l s e n  MS-grade Mg-PSZ, 17.5 f o r  NGK 2-191 Y-PSZ, 21.6 f o r  N i l s e n  TS-grade 
Mg-PSZ, 22.1 f o r  Coors Mg-PSZ, and 23.1 f o r  Feldrnuhle ZN-40 Mg-PSZ, 
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Tabular r e s u l t s  o f  f r a c t u r e  toughness as a func t i on  o f  temperature and 
The exposure ( f o r  1000 hr/lOOO°C) are presented i n  Tables 12a through 12e. 
i n fo rma t ion  i s  p l o t t e d  as bo th  indented s t reng th  and toughness versus tempera- 
t u r e  i n  Figures 65 and 66. An o v e r a l l  summary i s  provided i n  Table 13. It i s  
observed t h a t  t h e  room-temperature f r a c t u r e  toughness o f  t h e  t h r e e  as-received 
Mg-PSZ m a t e r i a l s  agreed w i t h i n  8%, w i t h  an average o f  10.6 MPa'mll2. 
ma te r ia l ,  NGK 2-191, e x h i b i t e d  a toughness approximately 25% lower than t h e  
Mg-PSZ mater ia ls ,  i .e., 7.9 MPa'm1/2. 
t h e  mic ros t ruc tures  o f  My- and Y-PSZ ma te r ia l s ,  w i t h  regard t o  the  s t a t e  o f  
t he  metastable te t ragona l  phase and t h e  operable toughening mechanisms. 
The TZP 
This  i l l u s t r a t e s  a bas ic  d i f f e r e n c e  i n  
A t  1000°C, t h e  f r a c t u r e  toughness was more than 50% lower than the  room 
temperature toughness. The toughness degradat ion as a f u n c t i o n  o f  temperature 
almost exac t l y  p a r a l l e l e d  f a s t  f r a c t u r e  s t rength  reduc t ion  ( f r a c t u r e  toughness 
decrease o f  63% f o r  Coors, 54% f o r  Feldmuhle, 54% f o r  Ni lsen, and 70% f o r  NGK 
2-191). 
pera ture  range, t h e r e  i s  a 50-65% decrease f o r  Mg-PSZ. 
t u r e  range, the  NGK TZP ma te r ia l  e x h i b i t s  a 70% decrease i n  bo th  s t reng th  and 
f r a c t u r e  toughness. The te t ragona l  p a r t i c l e s  t h a t  comprise TZP e x h i b i t  more 
s e n s i t i v i t y  t o  temperature than do t h e  cons t ra ined te t ragona l  p r e c i p i t a t e s  i n  
Mg-PSZ. With regard t o  ambient temperature s t rength,  t h e r e  i s  a l a r g e  b e n e f i t  
t o  low temperature s t reng th  r e s u l t i n g  from t h e  f i n e  g r a i n  s i z e  o f  TZP. 
t h a t  t h e  room temperature s t rength  o f  NGK 2-191 i s  40% higher  than the  s t rong-  
est '  Mg-PSZ (N i lsen) ,  and y e t  i t s  f r a c t u r e  toughness i s  30% lower. Note a lso  
t h a t  whereas t h e  s t reng th  reduc t ion  w i t h  temperature was l i n e a r  f o r  both Mg- 
and Y-PSZ, t h e  touyhness-temperature r e l a t i o n  was n o t  l i n e a r .  
t o  t h e  i n f l uence  o f  t h e  modulus-temperature r e l a t i o n ,  and poss ib l y  res idua l  
s t ress  e f f e c t s  i n  indented samples as t h e  temperature i s  ra ised.  
Therefore, f o r  both s t reng th  and toughness over the  25"-10OO0C tem- 
Over t h e  same tempera- 
Note 
This  may be due 
A f t e r  1000 hr/100O0C exposure, t he  t rend  f o r  f r a c t u r e  toughness reduc t ion  
was about t h e  same o r  s l i g h t l y  l e s s  pronounced than f o r  t he  s t reng th  reduc- 
t i on .  Table 13 i l l u s t r a t e s  t h a t ,  cons is ten t  w i t h  i t s  m ic ros t ruc tu ra l  and 
phase s t a b i l i t y ,  NGK 2-191 e x h i b i t e d  only  a 6% reduc t ion  i n  toughness a f t e r  
t he  1000 hr/lOOO°C exposure. 
reduc t ion  (on l y  7%). Likewise, N i l sen  and Feldmuhle Mg-PSZ m a t e r i a l s  exhib- 
i ted  about the  same l e v e l  o f  toughness decrease ( i  .e., 46% and 34%, respec- 
t i v e l y )  as they had f o r  s t rength  decrease a f t e r  t h e  exposure (i.e., 57% and 
This  agrees prec i  se ly  w i t h  i t s  re1 ated s t reng th  
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TABLE 12a. FRACTURE TOUGHNESS OF UNEXPOSED Z I R C O N I A  MATERIALS 
AT ROOM TEMPERATURE (P = 196 N) 
Indented  3-Poi n t  


























F1 exure S t r e n g t h  
p s i  M Pa K, MPa’m1’2 
Coors Mg-PSZ 
71,120 490.5 F r a c t u r e  n o t  a t  i n d e n t a t i o n  
67,290 464.1 10.2 
42,140 290.6 F r a c t u r e  n o t  a t  i n d e n t a t i o n  
66,670 459.8 10.1 
75,590 521.3 11.1 
69,850 481.7 10.4 







































TABLE 12b. FRACTURE TOUGHNESS OF UNEXPOSED Z I R C O N I A  MATERIALS 
AT 500°C ( P  = 196 N) 
























Indented 3-Point  
F1 exure St rength  
p s i  M Pa K,, MPa'm1'2 
Coors Ma-PSZ 
30,730 212.0 5.6 
41 , 740 287.8 F rac tu re  no t  a t  i n d e n t a t i o n  




34,610 238.7 6.2 
35,920 247.7 6.3 









32,880 226.8 5.9 
35,650 245.8 6.3 
N i l s e n  MS Mg-PSZ 
61,480 424.0 
64 , 210 442.8 






64 870 447.3 9.9 
61,400 423.5 9.5 
NGK 2-191 Y-TZP. 
36 , 160 249.4 
39 , 240 270.6 
6.4 
6.8 
35,040 241.7 6.2 
36 , 820 253.9 6.5 
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TABLE 12c. FRACTURE TOUGHNESS OF UNEXPOSED Z I R C O N I A  MATERIALS 
AT 750°C (P = 196 N) 























Indented 3-Poi n t  
F lexure St rength  
psi M Pa K,, MPa'rn1'2 
Coors Mg-PSZ 
20,700 142.8 4.2 
19 , 790 136.5 4.1 
25 , 150 173.4 4.9 
23 , 320 160.8 4.6 
20,300 139.9 4.1 
21 , 850 150.0 4.4 
Feldmuhle ZN-40 Mg-PSZ 
18,970 130.8 3.9 
24 , 620 169.8 4.8 
22 , 520 155.3 4.5 
17,660 121.8 3.7 
18,190 125.4 3.8 
20,390 140.6 4.1 
N i  1 sen MS Mg-PSZ 
22 , 930 158.1 4.5 
27,730 191.3 5.2 
22,610 155.9 4.5 
28,210 194.6 5.3 
26,420 182.2 5.0 
25,580 176.4 4.9 
NGK 1-191 Y-TZP. 
8930 61.6 2.2 
2.2 8930 61.6 
8930 61.6 2.2 
-- 
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TABLE 12d. FRACTURE TOUGHNESS OF UNEXPOSED Z IRCONIA  MATERIALS 
AT 1000°C (P = 196 N) 












KF 1F 59 













Indented 3-Poi n t  
F1 exure St rength  
p s i  M Pa K,, MPa'm1/2 - 
Coors Mg-PSZ 
21,580 148.8 4.3 
17,410 120.1 3.7 
10,670 73.6 F rac tu re  n o t  a t  i n d e n t a t i o n  
17,940 123.7 3.8 
19,020 131.2 F rac tu re  n o t  a t  i n d e n t a t i o n  
18,970 130.9 3.9 




















77.1 F rac tu re  no t  a t  i n d e n t a t i o n  
138.8 4.1 
44.4 F rac tu re  n o t  a t  i n d e n t a t i o n  
178.2 5.0 
73.3 F rac tu re  n o t  a t  i n d e n t a t i o n  
158.5 4.5 




















TABLE 12e. FRACTURE TOUGHNESS OF Z I R C O N I A  MATERIALS EXPOSED 
1000 hr/lOOO°C I N  STATIC A I R  DETERMINED BY THE INDENTATION- 























Indented 3-Point  
F1 exure Strength 
p s i  MPa K,, MPa'm1/2 
40,840 
37,190 












Sample f a i l e d  w h i l e  be ing indented 
28,320 195.7 F rac tu re  no t  a t  i n d e n t a t i o n  
40 , 260 277.8 F rac tu re  n o t  a t  i n d e n t a t i o n  
41,530 286.4 7.1 
36,700 253.3 7.1 
Feldmuhle ZN-40 Mg-PSZ 
38,010 262.1 6.6 
32,730 225.7 5.9 
Sample f a i l e d  w h i l e  be ing indented 
281.7 7.0 
256.5 6.5 














I I 1 I I 
Exposed 
1000 h r/  
- Unexposed 1000°C Material 
A A Coors Mg-PSZ 
Fel dmuh 1 e ZN-40 Mg-PSZ 
Ni 1 sen MS Mg-PSZ 
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Figure 6 5 .  Three-point f lexure strength of controlled f l a w  














1000 h r/ 
Unexposed 1000°C Materia 1 
a 
0 
Coors Mg-PSZ A 
e Feldmuhle ZN-40 Mg-P + N i  lsen MS Mg-PSZ 
NGK Z-191 Y-TZP 
1 1 1 1 1 
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F i g u r e  66 - F r a c t u r e  t o u g h n e s s  of z i r c o n i a  mater ia ls  d e t e r m i n e d  
b y  the i n d e n t a t i o n - s t r e n g t h  method a t  various t e m p e r a t u r e s  
(Vickers i n d e n t a t i o n  P = 196N). 
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TABLE 13. SUMMARY OF FRACTURE TOUGHNESS" RESULTS 
Frac ture  Toughness: K,, MPa'm 1/2 
- A t  25OC, A f t e r  
As -Recei ved 1000 h r/ 10gO°C 
25°C 50OOC 750°C 1000°C Exposure -- Matt e r i a1 
NGK 2-191 Y-TZP 
Ni lsen  MS Mg-PSZ 
7.9 6.5 2.2 2.4 7.4 (-6%) 
11.6 9.5 4.9 5.3 6.3 (-46%) 
Fel  dmuhl e ZN-40 Mg-PSZ 9.8 6.3 4.1 4.5 6.5 (-34%) 
Coors Mg-PSZ 10.4 6.3 4.4 3.9 7.1 (-32%) 
a Indenta t ion-s t rength  met hod. 
bNumbers i n  parentheses i n d i c a t e  change from the  as-received cond i t ion .  
30%, respec t i ve l y ) .  I n t e r e s t i n g l y ,  t h e  Coors Mg-PSZ on l y  e x h i b i t e d  a 32% 
toughness degradat ion a f t e r  t h e  1000 hr/100O0C exposure, b u t  had prev ious ly  
been shown t o  y i e l d  as much as an 80% s t rength  reduc t ion  and a 30% e l a s t i c  
modulus decrease. Previous d iscuss ion showed t h a t  extens ive microcracking, 
f o l l o w i n g  conversion o f  80% o f  t he  m ic ros t ruc tu re  t o  t h e  monocl in ic  phase i n  
t h e  Coors Mg-PSZ, would exp la in  the l a r g e  res idua l  s t reng th  and e l a s t i c  modu- 
l u s  decrease. Likewise, a s i g n i f i c a n t  network o f  microcracks could add r e s i s -  
tance t o  crack propagat ion,  and serve t o  reduce the  amount o f  toughness degra- 
da t i on  f o l l o w i n g  t h e  1000 hr/lOOO°C exposure. 
than expected post-exposure toughness fo r  t he  Coors ma te r ia l .  
This might exp la in  t h e  b e t t e r  
I n  general, f r a c t u r e  toughness i n  t ransformat ion-toughened z i r c o n i a  i s  
s t r o n g l y  dependent on temperature f o r  t h e  same reasons t h a t  s t reng th  i s .  
Yt t r ia-doped TZP ma te r ia l s  e x h i b i t  lower toughness values, and may be a b i t  
more temperature sens i t i ve ,  b u t  they are  much more s t a b l e  w i t h  respect  t o  
long-term overaging and o ther  phase change e f f e c t s  (e.g., d e s t a b i l i z a t i o n /  
decomposition) than are Mg-PSZ mater ia ls .  
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7. THERMAL EXPANSIOH 
Thermal expansion i s  t h e  most important mater i  a1 property, a1 ong w i t h  
e l a s t i c  modulus, f o r  design c a l c u l a t i o n s  from a thermal s t ress  (as opposed t o  
a s t r u c t u r a l  load ing)  standpoint. This i s  e s p e c i a l l y  t r u e  f o r  z i r c o n i a  s ince 
i t s  1 ow thermal d i f f  u s i v i  t y  and conduc t i v i t y  can r e s u l t  i n  1 arge temperature 
gradients. 
pushrod d i la tometer  (Netzsch) over t h e  range 25"-10OO0C. 
Thermal expansion was measured using an automatic record ing s i n g l e  
Thermal expansion i n  transformation-toughened z i r con ia  i s  no t  g r e a t l y  
affected by t h e  choice o f  s t a b i l i z e r  used--both Mg-PSZ and Y-TZP have bas ic-  
a l l y  s i m i l a r  c o e f f i c i e n t s  o f  thermal expansion, w i t h  some minor va r ia t i ons .  
This  i s  observed f o r  t he  r e s u l t s  o f  as-received mater ia ls ,  which are  presented 
i n  Table 14, where t h e  percent l i n e a r  expansion i s  tabu la ted  f o r  500d, 750", 
TABLE 14. THERMAL EXPANSION OF ZIRCONIA (AS-RECEIVED  CONDITION)^ 
Percent L inear  Expansion 
Ma t e r i  a1 500°C 750°C 1000°C 
N i l s e n  MS Mg-PSZ 0.425 0.690 0.965 
0.450 0.705 0.975 
NGK 2-191 'f-TZP 0.480 0.760 1.050 
0.475 0.750 1.035 
Feldmuhle ZN-40 MS-PSZ 0.465 0.730 1.030 
0.470 0.740 1.045 
Coors Mg-PSZ 0,465 0:740 1.045 
0.465 0.685 0.965 
0.404 0.575 0.817 N i l s e n  TS Mg-PSZ 
b 













aData f o r  two samples each mater ia l ;  heat ing  rate:  1 ° C  rnin-l f o r  20"-2OO"C, 
-5 °C  min-'. Data f o r  heat ing and 5°C min-' f o r  200"-100O"C; coo l ing  ra te :  
cycle. 
assess thermal shock behavior. 
bNote on ly  one sample r e p l i c a t e ;  ma te r ia l  was inc luded i n  program on ly  t o  
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and 1000°C. 
range ZOO-1000°C was computed, and i s  provided i n  t h e  tab le.  
g raph ica l  r e s u l t s  a r e  provided i n  Figures 67-71, where the  percent l i n e a r  
expansion i s  p l o t t e d  cont inuous ly  as a func t ion  o f  temperature f o r  both heat-  
i n g  and coo l i ng  cycles.  
Add i t i ona l l y ,  t h e  mean c o e f f i c i e n t  o f  thermal expansion over the  
Representat ive 
It i s  observed i n  Table 14 f o r  t h e  as-received z i r c o n i a  m a t e r i a l s  f rom 
Ni lsen, NGK, and Feldmuhle, t h e  v a r i a t i o n  i n  thermal expansion between t h e  two 
r e p l  i c a t e  samples was on ly  14%. The Coors ma te r ia l  , however, e x h i b i t e d  an 8% 
v a r i a t i o n  between two samples. 
modulus v a r i a t i o n s  f o r  t h e  Coors Mg-PSZ. 
o f  t h e  presence o f  t h e  monocl in ic  phase i n  t h e  as-received Coors ma te r ia l - -  
note t h e  d i s c o n t i n u i t y  i n  t h e  heat ing  cyc le  curve a t  roughly  the  As tempera- 
t u r e  (monocl i n i c  t o  te t ragonal  phase t rans format ion  upon heat ing) .  
d i f f r a c t i o n  analyses prov ided i n  Table 3 showed t h a t  t he  Coors m a t e r i a l  has 
acceptably low monocl in ic  phase, however. The present thermal expansion 
r e s u l t s  would then i n d i c a t e  t h e  p o s s i b i l i t y  o f  a l a r g e  sampl e-to-sampl e va r ia -  
t i o n  i n  monocl in ic  content f o r  t h e  developmental Coors mater ia l .  The lower  
c o e f f i c i e n t  o f  expansion f o r  the  second rep l  i c a t e  sample and the  d i s c o n t i n u i t y  
i n  t h e  expansion temperature curve would tend t o  be the  i n f l uence  o f  a h igher  
than normal monocl in ic  content.  Note a lso  t h a t  t h i s  Coors sample e x h i b i t e d  a 
permanent +0.025% leng th  increase as i nd i ca ted  by pos t - tes t  micrometer mea- 
surement. 
from 20'-1000°C, w i t h  no permanent dimension changes. 
v a r i a b i l i t y  i n  expansion f o r  as-received Coors Mg-PSZ i s  thought t o  be caused 
by a h igher  than usual monocl in ic  content. 
Th is  co r re la tes  w i t h  t h e  l a r g e r  s t reng th  and 
F igure  7 1  i l l u s t r a t e s  an i n d i c a t i o n  
The X-ray 
A1 l other  samples and ma te r ia l s  e x h i b i t e d  s t a b l e  expansion behavior 
Therefore, t h e  8% 
It i s  noted i n  Table 14 t h a t  t h e  as-received N i lsen  MS-grade Mg-PSZ i s  
c o n s i s t e n t l y  7% lower i n  expansion than t h a t  of t h e  o the r  mater ia ls--even t h e  
y t t r i a -doped  TZP ma te r ia l  (NGK Z-191). The expansion o f  N i l sen  MS i s  e x a c t l y  
t h e  same as the  Coors sample suspected o f  having h igher  monocl in ic  content.  
The XRD r e s u l t s  presented i n  Table 3 i n d i c a t e s  as-received N i l sen  MS Mg-PSZ 
indeed does have h igher  monocl in ic  content than t h e  o ther  ma te r ia l s  (-9% mono- 
c l i n i c  f o r  N i l sen  vs. 4% f o r  t he  o ther  My-PSZ, and -1% f o r  TZP). The o ther  
grade o f  N i l sen  mater ia l ,  TS, has -16% lower expansion yet .  That ma te r ia l  
e x h i b i t s  improved thermal shock p roper t i es  ( t o  be discussed i n  Sect ion 9). 
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F i g u r e  6 7 .  Thermal e x p a n s i o n  of MS and TS g r a d e s  of Nilsen Mg-PSZ 
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F i g u r e  6 8 .  Thermal e x p a n s i o n  of NGK 2-191 Y-XZP befese and 
a f t e r  1000 h r / l O O O ° C  thermal  e x p o s u r e .  
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Figure 69. Thermal e x p a n s i o n  of Nilsen MS .kf.g-PSz before 
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Figure 70. Thermal expansion of Feldmuhle ZN-40 Mg-PSZ 
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Figure  71- Thermal e x p a n s i o n  of Coors Mg-PSZ before 
and a f t e r  1000 h r / l O O O ° C  thermal  e x p o s u r e .  
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TS ma te r ia l  i s  thought t o  be i t s  h igher  content  o f  monocl in ic  z i rcon ia .  
c lue  t o  t h i s  i s  shown i n  t h e  heat ing  r a t e  expa 
67. The i n f l e c t i o n  a t  - 5 5 O O C  i n d i c a t e s  a mono 
change. It occurs upon heat ing  as t h e  monocli 
Therefore, N i l sen  m a t e r i a l s  have lower thermal expansion than the  o the r  mate- 
r i a l s  due t o  s l i g h t l y  h igher  monocl in ic  content. This i s  e s p e c i a l l y  t r u e  f o r  
TS-grade. XRD ana lys i s  conf i rms t h i s  i n t e r p r e t a t i o n .  N i l sen  TS Mg-PSZ i s  
nominal ly  56% cubic, 24% te t ragona l ,  and 20% monocl in ic.  Ms-grade ma te r ia l  i s  
57% cubic, 37% te t ragona l ,  and 5% monocl in ic.  Therefore, f o r  TS-grade mate- 
r i a l ,  t h e  cub ic  content i s  t he  same as an MS-PSZ, bu t  t h e  monocl in ic  content  
i s  increased a t  t h e  expense o f  te t ragona l .  Thus, reduced s t reng th  and toughn- 
ess for Ni lsen TS Mg-PSZ would be expected. 
The 
Thermal expansion t e s t s  were a lso  conducted on the  f o u r  z i r c o n i a  mate- 
r i a l s  a f t e r  1000 hr/lOOO°C thermal exposure. Representat ive r e s u l t s  a re  
prov ided i n  Figures 68-71, where t h e  as-received expansion curve i s  shown f o r  
reference. The data are summarized i n  t a b u l a r  form in Table 15. 
TABLE 15.  THERMAL EXPANSION OF Z I R C O N I A  AFTER 1000 HR/1000"C 
STATIC THERMAL  EXPOSURE^ 
Percent L inear  Expansion 
750°C 1000 'C -500".C -Mater i a1 
0.548 -- 0.562 
N i l s e n  MS Mg-PSZ -- -- -- 
NGK 2-191 Y-TZP 0.486 0.757 1.051 
0.478 0.750 1.046 
Feldmuhle ZN-40 MS-PSZ -- -- 0.454 
Coors Mg-PSZ -- -- 
-- 0.433 
0.335 -- 0.348 
-- 
-- 
Mean C o e f f i c i e n t  o f  
Thermal Expansion 
(20"-1000"c), 









aData f ; heat ing ra te :  1 ° C  min- l  f o r  20"-2OO"C, 
and 5" te:  -5OC min-l. Data f o r  heat ing 
cycle.  
134 
The thermal expansion r e s u l t s  f o r  exposed and as-received NGK 2-191 Y-TZP 
a re  remarkably i d e n t i c a l .  The expansion-temperature curves presented i n  
F i g u r e  68 i l l u s t r a t e  t h a t  data f o r  t h e  two cond i t i ons  v i r t u a l l y  over lap.  
evidence o f  t h e  monocl in ic  phase i s  ev ident  i n  t h e  expansion behavior. 
o r i g i n a l l y  t e t ragona l  s t r u c t u r e  d i d  n o t  transform. Th is  h igh  degree o f  s ta -  
b i l i t y  f o r  t h e  TZP mate r ia l  c o r r e l a t e s  w i t h  t h e  s t reng th  and toughness re ten-  
t i o n  a f t e r  exposure and t h e  maintenance o f  t h e  o r i g i n a l  phase assemblage and 
mic ros t ruc ture .  
No 
The 
TZP i s  very s t a b l e  f o r  long-term e levated temperature use. 
By cont ras t ,  t h e  thermal expansion r e s u l t s  f o r  a l l  o f  t h e  Mg-PSZ mate- 
r i a l s  i l l u s t r a t e  c l e a r  evidence f o r  a major tetragonal-to-monoclinic phase 
t rans format ion  du r ing  t h e  1000 hr/100O0C thermal exposure. Representat ive 
r e s u l t s  f o r  a l l  t h ree  Mg-PSZ m a t e r i a l s  i n  t h e  as-received and exposed condi -  
t i o n s  a r e  shown i n  F igures 69-71. This  overaging e f f e c t  seen i n  t h e  expansion 
data agrees w i t h  previous X-ray and m ic ros t ruc tu ra l  evidence o f  major phase 
t rans format ion  t o  monocl in ic  and c e r t a i n l y  exp la ins  the  s t rength  and toughness 
degradat ion due t o  overaging. Note t h a t ,  i n  general ,  t h e  degree o f  thermal 
expansion hys te res i s  f o r  t he  overaged Mg-PSZ m a t e r i a l s  c o r r e l a t e s  w i t h  t h e  
q u a n t i t a t i v e  XRD de terminat ion  o f  t h e  monocl in ic  content.  
The ind i ca ted  s t a b i l i t y  i n  Y-TZP and lack  o f  s t a b i l i t y  i n  Mg-PSZ thermal 
expansion behavior i s  e n t i r e l y  cons is ten t  w i t h  the  s t rength,  XRD, and micro-  
s t r u c t u r a l  evidence f o r  these ma te r ia l  s discussed above. Thermal expansion i s  
an extremely s e n s i t i v e  i n d i c a t o r  o f  any monocl in ic  phase present i n  t h e  s t ruc -  




Creep r a t e s  were measured i n  4 -po in t  bending a t  1000°C i n  l a b o r a t o r y  
a i r .  The stepwi se method was used, w i t h  de format ion  c o n t i n u o u s l y  recorded 
u s i n g  t h e  3-po in t  e lect romechanica l  de f lec tometer  p r e v i o u s l y  descr ibed. A 
v iew o f  t h e  S i c  f i x t u r i n g  i s  p rov ided i n  F i g u r e  72. Samples were t e s t e d  a t  
v a r i o u s  incrementa l  s t r e s s  l e v e l s ,  w i t h  enough t i m e  spent  a t  any g i v e n  l e v e l  
t o  o b t a i n  an approx imate ly  cons tan t  creep r a t e .  Deadweight l o a d i n g  was em- 
ployed. Tes t ing  cont inued f o r  3-4 s t r e s s  s teps p e r  sample. Tes t ing  o f  ap- 
p r o x i m a t e l y  t h r e e  samples i n  t h i s  manner p e r m i t t e d  t h e  s teady-s ta te  s t r e s s  
dependence o f  t h e  creep r a t e  t o  be assessed f o r  each m a t e r i a l  s tud ied.  
The r e s u l t s  a r e  presented y r a p h i c a l l y  as t h e  creep s t r a i n  r a t e  vs. ap- 
p l i e d  s t ress .  The r e s u l t s  f o r  NGK 2-191 Y-TZP shown i n  F i g u r e  73 i l l u s t r a t e  
t h a t  i d e n t i c a l  behav io r  was ob ta ined f o r  as-received samples and those pre- 
v i o u s l y  exposed f o r  1000 h r  a t  1000°C. Th is  r e s u l t  c o r r e l a t e s  w i t h  t h e  pre-  
v i o u s l y  presented s t r e n g t h ,  thermal expansion, and m i c r o s t r u c t u r a l  evidence 
t h a t  t h e  phase assemblage and m i c r o s t r u c t u r e  o f  t h i s  Y-TZP a r e  ext remely 
s t a b l e  d u r i n g  extended thermal exposure. 
Creep r e s u l t s  f o r  t h e  Plg-PSZ m a t e r i a l s  a r e  presented i n  F igures  74-76. 
L i t t l e  o r  no d i f f e r e n c e s  were observed i n  t h e  creep behav io r  o f  as-received 
and overaged m a t e r i a l s .  Note t h a t  t h i s  i s  i n  c o n t r a s t  t o  t h e  p r e v i o u s l y  
observed phase assembl age, s t rength ,  thermal expansion, f r a c t u r e  toughness, 
and m i c r o s t r u c t u r a l  changes (degradat ion)  caused by overaging i n  Ny-PSZ. Thi s 
i m p l i e s  t h a t  t h e  mechanism o f  creep i n  z i r c o n i a  i s  independent o f  t h e  phase 
assemblage. P o t e n t i a l  mechanisms o f  p l a s t i c  de format ion  i n  ceramics i n c l u d e  
d i s l o c a t i o n  s l i p ,  de format ion  tw inn ing ,  d i f f u s i o n a l  t r a n s p o r t  , g r a i n  boundary 
s l i d i n g ,  and mic rocrack  n u c l e a t i o n  ( c a v i t a t i o n ) .  The s t r e s s  exponent ( n  -1) 
observed f o r  these m a t e r i a l s  suggests a d i f f u s i o n a l  mechanism. 
The creep r e s u l t s  f o r  t h e  f o u r  m a t e r i a l s  a r e  compared d i r e c t l y  i n  F i g u r e  
Note t h a t  r e s u l t s  f o r  t h e  t h r e e  Mg-PSZ m a t e r i a l s  a r e  i n  r e l a t i v e l y  c l o s e  77. 
agreement. Creep r a t e s  f o r  t h e  Y 2 0 3 - s t a b i l  i zed NGK 2-191 m a t e r i a l  a r e  more 
than an order  o f  magnitude h igher  than f o r  t h e  Hg-PSZ m a t e r i a l s .  Note t h a t  
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F i g u r e  73. Flexural  creep of NGK.2-191 Y-TZP a t  100o°C. 
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Figure 74. Flexural creep of Nilsen MS Mg-PSZ at 1000°C. 
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F i g u r e  75. F l e x u r a l  creep of Coors Mg-PSZ at 1000°C. 
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F i g u r e  76. F l e x u r a l  c r e e p  of Feldmuhle ZN-40 Mg-PSZ a t  loOO°C.  
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Figure  77. F l e x u r a l  c r e e p  b e h a v i o r  of t rans format ion - toughened  
z i r c o n i a  a t  1 0 0 0 ° ~ .  
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t h e  s t ress  exponent i s  s l i g h t l y  h igher  a l so  ( n  = 1.3, as shown i n  F igu re  73). 
The reason f o r  t h e  h igher  creep r a t e  f o r  t h e  NGK 2-191 mate r ia l  i s  p o t e n t i a l l y  
twofo ld :  
r e f l e c t e d  l i g h t  microscopy) and more g r a i n  boundary volume, and (b )  it has 
h igh  S i  i m p u r i t y  ( r e f e r  t o  t h e  spectrographic c a t i o n  i m p u r i t y  ana lys i s  shown 
i n  Table 4), imp ly ing  a S i02 - r i ch  g lass phase i n  i n t e r g r a n u l a r  regions. These 
two aspects o f  Y-TZP l ead  t o  low res i s tance  t o  deformat ion a t  e leva ted  tem- 
perature.  
enhanced g r a i n  boundary d i f f u s i o n  as we l l  as t h e  p o s s i b i l i t y  f o r  a c t i v a t i o n  o f  
t h e  add i t i ona l  deformat ion mechanism o f  g r a i n  boundary s l i d i n g .  Note, how- 
ever, t h a t  t h e  f a s t - f r a c t u r e  s t r e s s - s t r a i n  curve f o r  NGK 2-191 (F igu re  56) a t  
1000°C was l i n e a r .  Th is  tends t o  r u l e  ou t  g r a i n  boundary s l i d i n g  as an oper- 
a b l e  mechanism. The f a c t  t h a t  t h i s  i s  a long- t ime e f f e c t  imp l i es  in te rgranu-  
1 a r  d i f f u s i o n .  
(a)  i t  has a f i n e r  g r a i n  s t r u c t u r e  ( r e f e r  t o  p rev ious ly  presented 
The r e l a t i v e l y  l a r g e  amount o f  i n t e r g r a n u l a r  g lass phase leads t o  
To summarize, Y-TZP i s  f i n e  g r a i n  and has a s i g n i f i c a n t  s i l i c a - r i c h  
i n t e r g r a n u l a r  phase. 
much h igher  creep ra tes  as compared t o  Mg-PSZ. 
f us iona l  mechanism i n  these mater ia ls .  L i t t l e  o r  no d i f f e rences  were observed 
i n  the  creep behavior o f  as-received and overaged Mg-PSZ (1000 hr/100O0C 
exposed) mater ia ls .  
independent o f  t h e  phase assembl age. 
E i t h e r  one o r  both o f  these aspects o f  TZP r e s u l t  i n  
There i s  evidence f o r  a d i f -  
This imp l i es  t h a t  t h e  mechanism o f  creep i n  z i r c o n i a  i s  
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9, INTERNAL FRICTION 
I n t e r n a l  f r i c t i o n  i s  an i n f o r m a t i v e  measurement t o  make on 
t ransformat ion-toughened z i r c o n i a .  
c e l l e n t  rev iews o f  i n t e r n a l  f r i c t i o n .  
and instantaneous l i n e a r  r e l a t i o n  between low l e v e l  f o r c e  a p p l i c a t i o n  and 
r e s u l t a n t  deformat ion.  
increased, a phase l a g  between s t r e s s  and s t r a i n  appears w i t h  accompanying 
absorp t ion  o f  energy. 
a n e l a s t i c i t y .  
sorbed d u r i n g  de format ion  compared t o  t h e  maximum amount o f  energy a p p l i e d  
i n i t i a l l y .  As t h e  number and e x t e n t  o f  f l a w s  i n  a body increases,  t h e  amount 
of  energy absorbed through f l a w  sur face  f r i c t i o n ,  p l a s t i c  zone d i s l o c a t i o n  
mot ion,  etc., a l s o  increases. Thus, t h e  i n t e r n a l  f r i c t i o n  i s  an i n t e g r a t e d  
e f f e c t ,  t h e  measurement o f  t h e  t o t a l  f l a w  spectrum i n  a m a t e r i a l .  It i s  a 
p a r t i c u l  a r l y  i n t e r e s t i n g  measurement f o r  t ransformat ion- toughened z i  r c o n i a ,  
s i n c e  i t  i s  p o t e n t i a l l y  s e n s i t i v e  t o  d e t e c t i n g  i n s t a b i l i t i e s  r e l a t i n g  t o  t h e  
te t ragonal - to-monocl  i n i c  phase t rans format ion .  
Z e n e r l s  and o t h e r s l g - 2 1  have prov ided ex- 
Hookean e l a s t i c  t h e o r y  i m p l i e s  a d i r e c t  
However, as t h e  r a t e  o f  l o a d i n g  and un load ing  i s  
T h i s  time-dependent e l a s t i c  behavior  i s  termed 
I n t e r n a l  f r i c t i o n  may be d e f i n e d  as t h e  amount o f  energy ab- 
Test samples were suspended from p i e z o e l e c t r i c  d r i v e  and p ickup t r a n s -  
ducers as f o r  dynamic e l a s t i c  modulus measurement. The frequency range j u s t  
ad jacent  (above and below) t h e  fundamental resonant frequency was scanned w i t h  
a Hewlett-Packard spectrum analyzer.  The Zener bandwidth18 method i n v o l v e s  
computing t h e  i n t e r n a l  f r i c t i o n ,  Q-1, from t h e  measured peak w i d t h  a t  h a l f  
maximum ampl i tude: 
* 
where Q-1 = i n t e r n a l  f r i c t i o n  
f = resonant f requency 
A f  = peak w i d t h  a t  ha1 f ampl i tude 
* 
M o d e l  No. 3580A. 
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The concept i s  i l l u s t r a t e d  i n  F igure 78. This  method i s  usefu l  f o r  mea- 
sur ing  t h e  range o f  i n t e r n a l  f r i c t i o n  normally found i n  ceramic ma te r ia l s  
(10-2 t o  10-6). A s  w i t h  t h e  dynamic e l a s t i c  modulus measurement, t h e  use o f  
Nicalon S i c  f i b e r s  t o  suspend t h e  sample from po in ts  j u s t  adjacent t o  t h e  
f l e x u r a l  nodal po in ts  permi t ted  a r e l a t i v e l y  convenient way o f  suppor t ing t h e  
sample i n  t h e  furnace f o r  elevated temperature measurement. 
The room-temperature resonant frequency, peak width, and computed i n t e r -  
nal f r i c t i o n  f o r  f i v e  z i r c o n i a  ma te r ia l s  i n  t h e  as-received (i .e., unexposed) 
c o n d i t i o n  are  presented i n  Table 16. 
PSZ ma te r ia l s  (i.e., Nilsen, Feldmuhle, and Coors) are s i m i l a r ,  wh i l e  t h e  
f ine-gra ined ma te r ia l  from NGK has s l i g h t l y  h igher  i n t e r n a l  f r i c t i o n .  T h i s  i s  
presumably due t o  t h e  grea ter  number o f  sur faces / in te r faces  i n  t h e  f i n e  g ra in  
m ic ros t ruc tu re  o f  t h e  TZP mater ia l .  
Values f o r  t h e  fou r  coarse-grained Mg- 
F igure  79 i l l u s t r a t e s  t h e  i n t e r n a l  f r i c t i o n  f o r  NGK 2-191 Y-TZP from 25" 
t o  950OC. Note t h e  pronounced i n t e r n a l  f r i c t i o n  peak a t  20OOC. This i s  pre- 
c i s e l y  t h e  same behavior shown by Shimada e t  a1 .I2 f o r  a s i m i l a r  Y-PSZ, as 
shown i n  F igure 80. Wachtman and Corwin22 discuss i n t e r n a l  f r i c t i o n  peaks i n  
c a l c i a - s t a b i l i z e d  z i r con ia  (PSZ and FSZ); t h e i r  r e s u l t s  are discussed i n  terms 
o f  t h e  motion o f  oxygen vacancies. The observed i n t e r n a l  f r i c t i o n  peak i n  TZP 
a t  200°C may o r  may not  be r e l a t e d  t o  another i n t e r e s t i n g  aspect of z i r con ia - -  
TABLE 16. ROOM TEMPERATURE INTERNAL F R I C T I O N  
AND RESONANT FREQUENCY~ 
I n t e r n a l  
Resonant Frequency F r i c t i o n  , 
Wateri a1 f, Hz A f ,  HZ Q-1 x 104 
N i lsen  MS Mg-PSZ 3620 1.96 3.13 
Ni lsen TS Mg-PSZ 3598 1.89 3.03 
Feldmuhle ZN-40 Mg-PSZ 3524 2.19 3.50 
Coors FIg-PSZ 3533 2.28 3.73 
NGK 2-191 Y-TZP 3400 3.11 5.29 
~~ 
aAs-received mater ia l .  
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Frequency 
F i g u r e  78 .  T y p i c a l  a m p l i t u d e - f r e q u e n c y  curves o f  u n s h o c k e d  and t h e r m a l  
shocked ceramics for internal fr ic t ion m e a s u r e m e n t .  
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t h e  d e l e t e r i o u s  e f f e c t  o f  water  vapor on some Y 2 0 3 - s t a b i l i z e d  z i r c o n i a  mate- 
r i a l s .  NGK personnel  have r e p o r t e d  a massive s t r e n g t h  degradat ion  a t  200°C 
f o r  t h i s  form o f  Y-PSZ.23'24 Lange25 has s t u d i e d  t h i s  phenomenon and has 
d iscussed unpubl ished work t h a t  leads  t o  t h e  conc lus ion  t h a t  t h i s  s t r e n g t h  
degradat ion  a t  200°C i s  caused by t h e  f o r m a t i o n  o f  y t t r i u m  hydrox ide  on t h e  
s u r f a c e  o f  t h e  t e t r a g o n a l  p a r t i c l e s  i n  Y-PSZ, which subsequent ly nuc lea tes  t h e  
t r a n s f o r m a t i o n  o f  t h e  p a r t i c l e s  f rom t e t r a g o n a l  t o  monocl i n i c .  I n  f a c t ,  such 
m a t e r i a l s  have been known t o  be reduced t o  powder form i n  an au toc lave  e n v i -  
ronment , an exper iment t h a t  has apparent ly  been performed by severa l  research- 
e r s  i n  t h e  f i e l d .  On t h e  c u r r e n t  program, t h e  i n t e r n a l  f r i c t i o n  measurements 
were performed i n  a l a b o r a t o r y  atmosphere where t h e  r e l a t i v e  h u m i d i t y  was 
measured t o  be nomina l l y  45% RH. 
(where t h e  i n t e r n a l  f r i c t i o n  peak and water  vapor problem occurred) .  The 
r e s u l t s  a re  shown i n  F i g u r e  81. It i s  seen t h a t  no such e f f e c t  i s  apparent i n  
t h e  f a s t  f r a c t u r e  r e s u l t s  f o r  NGK 2-191 Y-TZP. 
f o l l o w s  t h e  s t rength- temperature t r e n d  l i n e  e s t a b l i s h e d  p r e v i o u s l y .  
p o t e n t i a l  o f  degradat ion  o f  some forms o f  Y-PSZ i n  h i g h  water  vapor env i ron-  
ments i s  p a r t i c u l a r l y  a problem s i n c e  t h e  t e t r a g o n a l  p a r t i c l e s  a r e  unpro tec ted  
from t h e  environment. 
m a t e r i a l  c o n s i s t s  o f  n e a r l y  100% t e t r a g o n a l  g ra ins .  I n  f a c t ,  i t  i s  more 
p r o p e r l y  r e f e r r e d  t o  as a TZP ( t e t r a g o n a l  z i r c o n i a  p o l y c r y s t a l s )  i n s t e a d  o f  a 
TTZ ( t ransformat ion- toughened z i r c o n i a ) .  I n  t h e  t e c h n i c a l  community t h i s  
d i s t i n c t i o n  i s  beg inn ing  t o  be made and has been i n  t h i s  r e p o r t .  
S t rength  measurement was made a t  200°C 
The bend s t r e n g t h  a t  200°C 
The 
X-ray d i f f r a c t i o n  r e s u l t s  (Tab le  3 )  show t h a t  t h e  NGK 
The a c t i v e  (metastable)  t e t r a g o n a l  phase i n  MgO-stabi 1 i z e d  
t ransformat ion-toughened z i  r c o n i a  m a t e r i a l s ,  however, i s  con ta ined w i t h i n  
1 arge c u b i c  Z r O  g ra ins .  The i n t r a g r a n u l  a r  t e t r a g o n a l  z i r c o n i a  i s  a p r e c i p i -  
t a t e  phase t h a t  r e s u l t s  f rom a thermal ag ing process. Therefore,  t h e  t e t r a g -  
onal  phase t h a t  r e s u l t s  i n  h i g h  f r a c t u r e  toughness i s  p r o t e c t e d  from t h e  
environment i n  Mg-PSZ, 
e f f e c t s  have n o t  been r e p o r t e d  f o r  Mg-PSZ, 
t a t e  TTZ's have t h e  a d d i t i o n a l  advantage t h a t  hydrox ide  compounds o f  magnesium 
a r e  n o t  s t a b l e  a t  200°C (as  i s  y t t r i u m  hydrox ide i n  Y-PSZ), b u t  do n o t  form 
u n t i l  a h i g h e r  temperature i s  reached. The e l e v a t e d  temperature i n t e r n a l  
f r i c t i o n  r e s u l t s  f o r  t h e  N i l s e n  and Coors 11s-PSZ m a t e r i a l s  p rov ided i n  F igures  
82 and 83 a p p a r e n t l y  l e n d  suppor t  t o  t h i s  view. The exac t  o r i g i n  o f  t h e  
2 
Th is  may be t h e  reason t h a t  e x t e n s i v e  water  vapor 
Lange25 a s s e r t s  t h a t  t h e  p r e c i p i -  
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i n t e r n a l  f r i c t i o n  peaks shown i s  as y e t  unexplained, b u t  i t  c e r t a i n l y  occurs 
a t  h i g h e r  temperatures than f o r  Y-PSZ (300-600°C, as shown i n  F igures  82 and 
83). 
Both  Y- and Mg-PSZ m a t e r i a l s  a r e  compared i n  t h e  i n t e r n a l  f r i c t i o n  sum- 
mary presented i n  F i g u r e  84. 
due t o  i t s  f i n e  g r a i n  m i c r o s t r u c t u r e  (many i n t e r n a l  boundary sur faces) .  
t h e  Coors Mg-PSZ m a t e r i a l ,  l a r g e r  i n t e r n a l  f r i c t i o n  may be due t o  more mic ro-  
c r a c k i n g  i n  t h e  s t r u c t u r e .  The i n t e r n a l  f r i c t i o n  peaks o f  Mg-PSZ m a t e r i a l s  
occur a t  s u b s t a n t i a l l y  h i g h e r  temperatures than f o r  y t t r i a - s t a b i l i z e d  TZP. 
Peak ampl i tudes a r e  h i g h  f o r  NGK TZP, presumably 
For  
I n t e r n a l  f r i c t i o n  measurements were a l s o  made on m a t e r i a l  t h a t  had been 
exposed f o r  1000 h r  a t  1000°C. 
Table 17, which i l l u s t r a t e s  t h a t  a l l  MgO-stabi l ized m a t e r i a l s  ( i  .e., N i lsen,  
Coors, and Feldmuhle) e x h i b i t e d  a t  l e a s t  -100% increases  i n  i n t e r n a l  f r i c t i o n  
a f t e r  exposure. Thi  s c o r r e l a t e s  w i t h  t h e  s t r e n g t h  and toughness degradat ion  
and phase and m i c r o s t r u c t u r a l  changes f o r  t h e s e  m a t e r i a l s  a f t e r  exposure d i s -  
cussed p r e v i o u s l y .  
a l s o  c o r r e l a t e .  
Note t h a t  t h e  N i l s e n  TS PSZ was added t o  t h i s  compi la t ion .  
17 and 18, i t  i s  observed t h a t  t h e  Coors m a t e r i a l  e x h i b i t e d  t h e  l a r g e s t  
s t r e n g t h  r e d u c t i o n  as a r e s u l t  o f  t h e  s t a t i c  thermal exposure. It c o u l d  be 
surmised t h a t  these t h e r m a l l y  aged MgO-stabi l  i z e d  m a t e r i a l s  would be substan- 
t i a l l y  microcracked. The l o s s  o f  s t r e n g t h  a lone cou ld  be r e l a t e d  t o  a l o s s  i n  
toughness through t + m t rans format ion .  However, accompanied by s u b s t a n t i a l  
inc rease i n  i n t e r n a l  f r i c t i o n  would l e a d  t o  s p e c u l a t i o n  o f  severe mic rocrack-  
i n g  also.  The s p e c u l a t i o n  o f  ex tens ive  mic rocrack ing  f o r  t h e  Coors m a t e r i a l  
was discussed p r e v i o u s l y  t o  e x p l a i n  i t s  s t rength ,  e l a s t i c  modulus, and f r a c -  
t u r e  toughness changes w i t h  exposure. 
Room temperature r e s u l t s  a r e  presented i n  
.9 
The magnitudes o f  t h e  changes i n  Q-1 and r e s i d u a l  s t r e n g t h  
The s t r e n g t h  changes w i t h  exposure a r e  shown i n  Table 18. 
Comparing Tables 
Note, however, t h e  behav io r  o f  Y 0 - s t a b i l i z e d  NGK 2-191 Z r O  A n e g l i -  
g i b l e  change i n  i n t e r n a l  f r i c t i o n  was observed a f t e r  t h e  1000°C/lOOO h r  expo- 
sure, as shown i n  Table 17. T h i s  c o r r e l a t e s  w i t h  o n l y  a 7% r e d u c t i o n  i n  
s t r e n g t h  exper ienced by t h i s  m a t e r i a l  as shown i n  Table 18, as w e l l  as t h e  
i n d i c a t i o n s  of  s t a b i l i t y  shown by nonchanging m i c r o s t r u c t u r e ,  phase assem- 
blage, e tc .  
2 3  2- 
These are a l l  i n d i c a t i o n s  t h a t  Y203-stab i1 ized m a t e r i a l s  a r e  
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TABLE 17. INTERNAL FRICTION AND RESONANT FREQUENCY AT 25°C 
AFTER 1000 HR/1000"C STATIC EXPOSUREa 
Resonant Frequency I n t e r n a l  F r i c t i o n ,  b 
M a t e r i  a1 f, Hz Af, HZ ~ - 1  x 104 
N i  l s e n  MS Mg-PSZ 3668 3.36 5.29 (+69%) 
N i l  sen TS Mg-PSZ 3638 3.69 5.87 (+94%) 
Fe l  dmuhl e ZN-40 Mg-PSZ 3506 3.71 6.10 (+74%) 
Coors Mg-PSZ -- -16-26 -11 -17 (+-300%) 
NGK 2-191 Y-TZP 3410 3.03 5.14 (-3%) 
a 
bNumbers i n  parentheses i n d i c a t e  change from as-received c o n d i t i o n .  
P r i o r  t o  thermal shock experiments. 
s u p e r i o r  t o  MgO-stabi 1 i zed m a t e r i  a1 s i n  terms o f  1 ong-term overagi  ng phenom- 
ena. 
E leva ted  temperature i n t e r n a l  f r i c t i o n  r e s u l t s ,  b o t h  b e f o r e  and a f t e r  
1000 hr/1000"C exposure, f o r  NGK 2-191 TZP and N i l s e n  MS Mg-PSZ are  prov ided 
i n  F igures  85 and 86, r e s p e c t i v e l y .  The i n t e r n a l  f r i c t i o n  peak f o r  t h e  NGK 
m a t e r i a l  i s  o n l y  s l i g h t l y  s h i f t e d  a f t e r  exposure, and i t s  ampl i tude i s  un- 
changed. The My-PSZ, however, e x h i b i t s  a s u b s t a n t i a l  peak ampl i t u d e  increase,  
as w e l l  as a s h i f t  t o  a h i g h e r  temperature a f t e r  t h e  1000 hr/1000"C s t a t i c  
thermal exposure. 
A s tudy  o f  t h e  mechanisms o f  i n t e r n a l  f r i c t i o n  i n  t r a n s f o r m a t i o n -  
toughened z i r c o n i a  i s  beyond t h e  scope o f  t h i s  program. However, t h e i r  r e l a -  
t i v e  peak ampl i tudes, temperature dependence, and r e l a t i v e  changes w i t h  over-  
ag ing and o t h e r  degradat ion phenomena such as d e s t a b i l i z a t i o n  and/or decomp- 
o s i  t i o n  a r e  c o n s i s t e n t  w i t h  t h e  phase and m i c r o s t r u c t u r a l  evidence ob ta ined on 
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10, THERHAL SHOCK 
Thermal shock res is tance was determined on t h i s  program by t h e  water 
quench method, w i t h  t h e  i n i t i a t i o n  o f  thermal shock damage being detected by 
i n t e r n a l  f r i c t i o n  measurement. 
s imu la te  i n -se rv i ce  engine cond i t ions ,  b u t  r a t h e r  as a r e l a t i v e  rank ing  o f  
candidate ma te r ia l s  i n  severe thermal downshock. I n  conduct ing t h i s  t e s t ,  
i n t e r n a l  f r i c t i o n  was measured be fore  and a f t e r  water quench from success ive ly  
h igher  temperatures us ing the  f l e x u r a l  resonant frequency Zener bandwidth 
method. A marked change i n  i n t e r n a l  f r i c t i o n  ( s p e c i f i c  damping capac i ty )  o r  
observable sur face microcrack ing i nd i ca ted  t h e  onset o f  thermal shock damage 
( L e . ,  thermal stress- induced crack i n i t i a t i o n ) .  Th is  def ined t h e  c r i t i c a l  
quench temperature d i f f e rence ,   AT^, which was compared t o  a n a l y t i c a l  thermal 
s t ress  res is tance parameters. The parameter which i s  most app l i cab le  t o  the  
experimental severe water quench i s  R = a ( l  - p) /aE ,26  where (T i s  t h e  
s t rength,  p i s  Poisson's r a t i o ,  a i s  thermal expansion, and E i s  t h e  e l a s t i c  
modul us. 
This  technique was chosen no t  i n  an at tempt t o  
10.1 RESULTS FOR AS-RECEIVED MATERIALS 
F i v e  as-recei  ved z i  r con i  a mater i  a1 s were eval  uated i n  the  water quench 
thermal shock tes t .  Note t h a t  a second mate r ia l  from Ni lsen was inves t i ga ted  
( i  .e., TS grade PSZ) , s ince  i t  i s  purpor ted t o  possess super io r  thermal shock 
resistance. It was expected t h a t ,  i n  general, z i r c o n i a  ma te r ia l s  would ex- 
h i b i t  r e l a t i v e l y  poor thermal shock res i s tance  (compared t o  S i  3N4 and S i c ,  f o r  
instance)  owing t o  t h e i r  comparat ively h igh  c o e f f i c i e n t  o f  thermal expansion. 
It t h e r e f o r e  was o f  i n t e r e s t  t o  determine i f  a g iven vendor cou ld  modify t h e  
m ic ros t ruc tu re  t o  y i e l d  b e t t e r  thermal shock resu l t s .  The two mate r ia l s  from 
Ni lsen  (MS and TS) permi t ted  t h i s  t o  be inves t iga ted .  
Samples from these f i v e  sets  o f  as-received z i r c o n i a  ma te r ia l s  were 
quenched i n t o  room-temperature water from successively h igher  i n i t i a l  temper- 
a tures ( i n  25°C increments s t a r t i n g  a t  2OOOC). The i n t e r n a l  f r i c t i o n ,  Q - 1 ,  
was measured a f t e r  each quench, and the  sample was examined i n  a 160X binocu- 
l a r  o p t i c a l  microscope. When no increase i n  Q-1 or  sur face microcrack ing was 
observed, a g iven sample was shocked from t h e  next  h igher  i n i t i a l  temperature. 
When a s i g n i f i c a n t  increase i n  i n t e r n a l  f r i c t i o n  o r  microcrack ing was ob- 
served, t e s t i n g  was resumed w i t h  an unshocked sample a t  an i n i t i a l  temperature 
one increment (25OC) lower. 
p les  cou ld  y i e l d  a value of  AT^, t h e  c r i t i c a l  quench temperature d i f fe rence.  
For present purposes,  AT^ i s  de f ined as t h e  temperature d i f f e r e n c e  where t h e  
f i r s t  microcrack ing o r  s i g n i f i c a n t  increase i n  i n t e r n a l  f r i c t i o n  was detected, 
I n  t h i s  manner, t he  t e s t i n g  o f  two t o  th ree  sam- 
The r e s u l t s  f o r  t he  f i v e  z i r c o n i a  ma te r ia l s  a re  contained i n  F igures 87 
through 91, where t h e  change i n  i n t e r n a l  f r i c t i o n ,  A Q - ~ / Q ~ - ~ ,  i s  p l o t t e d  as a 
f u n c t i o n  o f  quench temperature d i f f e rence ,  AT. The c r i t i c a l  quench tempera- 
t u r e  d i f f e r e n c e  f o r  each ma te r ia l  i s  shown i n  Table 19. 
TABLE 19. CRITICAL QUENCH TEMPERATURE 
DIFFERENCE OF Z I R C O N I A  
Mater i a1 
Ni lsen MS 3 75 
N i l sen  TS 425-450 
Fel  dmuhle ZN-40 300-325 
Coors TT-Zr02 350 -400 
NGK 2-191 400 
Note, i n  Figures 87 through 91, t h a t  an abrupt l a r g e  increase i n  i n t e r n a l  
f r i c t i o n  was always accompanied by t h e  low-magni f icat ion o p t i c a l  observat ion 
o f  microcracking. However, t h e  converse was no t  always t rue.  For instance, 
F igu re  90 e x h i b i t s  " c l a s s i c "  behavior: 
f r i c t i o n  (severa l  hundred percent i n  magnitude) and t h e  associated observat ion 
o f  microcrackiny.  F igure  88, however, e x h i b i t s  t h e  case where microcrack ing 
was observed, thus d e f i n i n g  the  c r i t i c a l  AT, p r i o r  t o  any s i g n i f i c a n t  i n t e r n a l  
f r i c t i o n  increase. The reason f o r  t h i s  i s  probably t h a t  t he  i n t e r n a l  f r i c t i o n  
i s  a volume s e n s i t i v e  measurement, where sur face e f f e c t s  are minimized. 
However, t h e  observat ion o f  post-quench microcrack ing i s  made a t  t h e  surface, 
where t h e  l a r g e s t  t e n s i l e  s t resses occur du r ing  the  sudden thermal downshock. 
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This s i t u a t i o n  i s  analogous i n  some ways t o  the case where i n t e r n a l  f r i c t i o n -  
based thermal shock r e s u l t s  are compared w i th  residual  s t rength assessments. 
The  AT^ values based on residual  strength measurement (i .e., sudden decrease 
i n  strength a t  t h e  c r i t i c a l  quench temperature di f ference) are o f t e n  found t o  
be s l i g h t l y  higher than  AT^ data based on i n te rna l  f r i c t i o n  measurement. The 
reason f o r  t h i s  i s  t h a t  the i n te rna l  f r i c t i o n  measurement i s  an in tegrated 
e f fec t ,  sens i t i ve  t o  a l l  nucleated microcracks o f  any s i ze  throughout the  
e n t i r e  sample volume. The residual  strength method i s  usual ly  performed i n  
f lexure. Therefore, a decrease i n  strength subsequent t o  thermal shock w i l l  
only be rea l ized when a thermal stress induced microcrack near the  t e n s i l e  
surface o f  t he  bend bar has grown t o  a s ize l a r g e r  than the o r i g i n a l  f r a c t u r e  
o r i g i n s  i n  the unshocked material.  Thus, i n t e r n a l  f r i c t i o n  i s  s e n s i t i v e  t o  
a l l  microcracks o f  any s ize which are nucleated p r i o r  t o  one near the  surface 
growing t o  a c e r t a i n  c r i t i c a l  size. The advantage o f  the i n t e r n a l  f r i c t i o n  
method i s  t h a t  about an order o f  magnitude fewer t e s t  samples a r e  required t o  
accurately def ine the c r i t i c a l  quench temperature di f ference. 
In ternal  f r ic t ion-quench temperature r e s u l t s  are summarized i n  Figure 92 
Note i n  Figures 87 through 91 t h a t  some mater ia ls  exh ib i t ed  a range o f  
I n  the summary presented i n  Figure 92, a conser- 
f o r  the f i v e  as-received transformation-toughened z i r con ia  ma te r ia l s  evalu- 
ated, 
hTc f o r  the samples tested. 
v a t i  ve approach was taken--a worst case ( i  .e., lowest hTC) representat ion i s  
made. 
( 425"-45OoC) , 
the higher strength materials, NGK 2-191 Y-TZP and Nilsen MS Mg-PSZ, exhib i ted 
higher values o f  the c r i t i c a l  quench temperature d i f f e rence  than d i d  the lower 
strength materials, Coors and Feldmuhle ZN-40 Mg-PSZ. Figure 93 presents low 
magnif icat ion o p t i c a l  photographs o f  representative cracking patterns o f  both 
low and high strength materials. 
strength mater ia ls  and the more extensive cracking o f  low st rength materials. 
Figure 92 i l l u s t r a t e s  t h a t  Ni lsen TS PSZ exhib i ted the highest AT, 
O f  the four main materi  a1 s being i nvesti  gated on t h i  s program, 
Note the more l oca l i zed  cracking o f  h igh 
Expected thermal shock resu l t s  f o r  these mater ia ls  can be computed by 
employing the appropriate analy t ica l  thermal stress resistance parameter. I n  
the case o f  severe thermal downshock, t h i s  parameter i s  R ,  which i s  propor- 
t ional  t o  the strength, and inverse ly  propor t ional  t o  the thermal expansion- 
e l a s t i c  modulus product as described above. The appropriate thermal and 
mechanical propert ies t o  compute the R parameter were measured on t h i s  
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(a) MgO-stabi 1 ized zirconia (lower strength) 
(b) Y203-stabi 1 ized zirconia (higher strength) 
Figure  93. O p t i c a l  photographs  o f  z i r c o n i a  test b a r s  
a f t e r  wa ter -quench  thermal shock. 
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program, and are  tabu la ted  i n  Table 20. 
quench temperature values are a lso tabu la ted  f o r  each ma te r ia l  i n  Table 20. 
The computed R parameter has t h e  phys ica l  i n t e r p r e t a t i o n  as t h e  maximum AT 
a l lowable before thermal shock i n i t i a t i o n .  The a n a l y t i c a l  R parameter i s  
d i r e c t l y  compared w i t h  exper imental   AT^ values from t h e  water quench t e s t s  i n  
F igure 94. The t rend  l i n e  i s  a l i n e a r  least-squares data fit f o r  t h e  f o u r  
major  m a t e r i a l s  inves t iga ted .  Note the  e x c e l l e n t  agreement i n  a n a l y t i c a l  vs. 
experimental resu l t s .  Also, note t h a t  t he  Ni lsen TS Mg-PSZ f a l l s  d i s t i n c t l y  
away from t h e  t rend  l i n e  es tab l i shed f o r  t h e  o ther  mater ia ls .  
The exper imenta l l y  obta ined c r i t i c a l  
We can at tempt t o  exp la in  these thermal shock r e s u l t s  from t h e  data we 
have generated. The f o u r  main ma te r ia l s  evaluated on t h i s  program were a l l  
designed t o  op t im ize  t h e  s t rength  and f r a c t u r e  toughness. 
mater i  a1 s (i .e., N i  1 sen MS, Coors, and Fel dmuhl e ZN-40) consi s t  o f  re1  a t i v e l y  
l a r g e  cub ic  z i r c o n i a  g ra ins  (i.e., 50 urn) w i t h  a f i n e l y  dispersed metastable 
te t ragona l  i ntragranul  a r  phase ( i  .e., 20-50 nm, w i t h i n  t h e  1 arge cubic  g ra ins)  
The MgO-doped 
TARLE 20. THERMAL STRESS RESISTANCE PARAMETERS 
FOR TRANSF ORMAT ION-TOUGHE NED Z I R C O N I  A 
R =  
F1 exural  a Estimated Thermal E l a s t i c c  ~ ( l  - u ) /  AT 
Strength,  P o i  sson' s Expansi on ,b Modul us, aE, ( A Q - ~ ) , ~  
Mater i  a1 k s i  Rat io  10- 6 1  "C 106 ps i  "C "C 
N i l sen  MS 92.5 0.2 8.3 29.3 304 375 
Fel dmuhl e 61.8 0.2 9.1 29.8 182 32 5 
Mg-PSZ 
ZN-40 Mg-PSZ 
Coors Mg-PSZ 69.9 0.2 8.7 29.5 218 3 50 
NGK 2-191 129.1 0.2 9.3 28.9 3 84 400 
N i l sen  TS 75.9 0.2 8.2 29.1 2 54 42 5 
Y -TZP 
Mg-PSZ 
a A l l  p rope r t i es  a t  25°C unless otherwise noted; note t h a t  4-point  bend s t rength  
b A t  300"C, us ing heat ing  c y c l e  data. 
'F1 exural  resonant frequency method. 
dAna ly t i  ca l  thermal s t ress  r e s i  stance parameters ; maximum AT a1 1 owabl e f o r  
e C r i t i c a l  AT determined e i t h e r  by change i n  i n t e r n a l  f r i c t i o n  o r  v i sua l  crack 
i s  used ins tead o f  t h e  t e n s i l e  strength.  
steady heat f low. 








































t h a t  i s  respons ib le  f o r  t he  toughening. 
grained, and cons is t s  o f  d i s c r e t e  te t ragona l  grains.  Table 20 i l l u s t r a t e s  
t h a t  these ma te r ia l s  a l l  have s i m i l a r  e l a s t i c  modul i, s l i g h t l y  vary ing  thermal 
expansion, and w ide ly  vary ing strengths.  
f o r  these m a t e r i a l s  i n  f i g u r e  9 4  i s  ma in ly  t h e  r e s u l t  o f  t h e i r  s t reng th  va r ia -  
t i on .  NGK 2-191 i s  t he  s t rongest  w i th  the  h ighes t   AT^, N i l sen  MS PSZ i s  
in te rmed ia te  i n  s t reng th  and  AT^, w h i l e  t h e  Coors and Feldmuhle m a t e r i a l s  
e x h i b i t  t h e  lowest s t rength  and AT, values. 
The NGK 2-191 mater ia l  i s  much f i n e r  
Therefore, t h e  inc reas ing   AT^ shown 
The thermal shock behavior o f  Ni lsen TS PSZ requ i res  another explanat ion,  
however. The base l ine  PSZ m a t e r i a l s  t h a t  were designed f o r  optimum toughness 
and s t rength  (e.g., N i l sen  MS PSZ) had poorer thermal shock res is tance.  The 
reasons f o r  poor res is tance t o  thermal shock i n  z i r c o n i a  i nc lude  r e l a t i v e l y  
h igh  thermal expansion i n  general. 
t he  water quench t e s t s  are involved, then decreasing s t rength  and toughness 
w i t h  temperature a1 so c o n t r i b u t e  t o  poor thermal shock res is tance ( s t r e n g t h  
and toughness decreasing w i t h  temperature as the  te t ragona l  p r e c i p i t a t e s  
become more s tab le )  a M i  1 sen’s TS PSZ i s  an at tempt t o  improve t h e  thermal 
shock res is tance o f  transforrnation-toughened z i rcon ia .  Our present r e s u l t s  
i l l u s t r a t e  t h e i r  success. 
If higher  temperatures than experienced i n  
The p e r t i n e n t  thermal and mechanical p roper t i es  o f  t h e  m a t e r i a l s  i nves t i -  
gated were presented i n  Table 20. The s t rength  o f  TS mate r ia l  (75.9 k s i )  i s  
lower  than f o r  MS PSZ (92.5 k s i ) .  The e l a s t i c  moduli o f  t h e  two m a t e r i a l s  a re  
v i r t u a l l y  i d e n t i c a l  (29.1, 29.3 x 106 p s i ) .  A t  300°C (a  temperature appropr i -  
a t e  f o r  ana lys is  o f  water quench da ta)  t he  thermal expansions o f  these two 
mate r ia l s  are nea r l y  t h e  same. Simple microcrack ing may be r u l e d  ou t  as an 
exp lanat ion  f o r  lower s t rength  and h igher   AT^ when compared t o  the  MS mate- 
r i a l ,  s ince t h e i r  base1 i n e  (unshocked) i n t e r n a l  f r i c t i o n  values are near l y  t h e  
same ( r e f e r  t o  Table 1 6 ) .  
used t o  exp la in  t h e  l a r g e r  bTc observed f o r  the  TS ma te r ia l  ( t h a t  i s ,  t h e  
p r o p e r t i e s  contained i n  the  thermal s t ress  i n i t i a t i o n  parameter R, where 
Thus, none o f  these proper ty  considerat ions can be 
R = U C l  - uI/aE). 
The c lue  t o  the  improved thermal shock res is tance o f  t he  TS ma te r ia l  i s  
i n  i t s  mic ros t ruc ture .  F igure  67 presented t h e  thermal expansion o f  t h e  MS 
and TS grades o f  N i l sen  PSZ. The expansion o f  t he  TS grade i s  lower than t h a t  
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o f  t h e  MS grade. 
l y  w i l l  r e s u l t  i n  improved thermal shock resistance. However, note t h e  l i n e -  
a r i t y  o f  t h e  MS curve  and t h e  i n f l e c t i o n  i n  t h e  TS curve heat ing  c y c l e  a t  
-5OOOC. This i s  a s t rong i n d i c a t i o n  t h a t  t h e r e  i s  s i g n i f i c a n t  monocl in ic  
phase present  i n  t h e  TS grade. 
c l i n i c  phase i n  N i lsen  TS Mg-PSZ (as wel l  as 56% cubic  and 24% te t ragona l ) .  
There i s  on ly  nominal ly  5% monocl in ic  z i r c o n i a  i n  MS grade mate r ia l  from 
Ni lsen. For h igh  s t reng th  and toughness, t h e  presence o f  monocl in ic  Zr02 i s  
undesirable.  However, f o r  thermal shock res i s tance  alone, t h e  monocl in ic  
phase i s  b e n e f i c i a l  Furthermore, monocl in ic  z i r c o n i a  r e s u l t s  i n  thermal 
shock behavior t h a t  does n o t  sca le w i t h  t h e  water quench thermal shock param- 
e t e r  desc r ib ing  thermal s t ress  induced crack i n i t i a t i o n .  It appears t h a t  an 
a n a l y t i c a l  parameter based on propagat ion r a t h e r  than i n i t i a t i o n  i s  requi red.  
The reason f o r  t h i s  i s  apparent ly  t h e  enhanced R-curve behavior e x h i b i t e d  by 
PSZ, e s p e c i a l l y  i n  t h e  presence o f  t h e  monocl in ic  phase. 
behavior i s  not  t o  be confused w i t h  t h e  thermal shock R parameters. R-curve 
behavior  i s  a concept o f  f r a c t u r e  mechanics, and invo lves  an increase i n  KIc 
w i t h  crack extension. These concepts, as app l ied  t o  transformation-toughened 
z i r con ia ,  a r e  beginning t o  appear i n  t h e  l i terature.27 '29 The presence o f  
monocl in ic  Z rU2  i n  N i lsen  TS PSZ expla ins i t s  lower s t rength  and increased 
thermal shock res is tance.  
t he  thermal expansion curve, and i t s  presence was confirmed by subsequent XRD 
analys is .  
Th is  i s  ma in ly  a f a c t o r  a t  h igher  temperatures, and ce r ta in -  
XRD ana lys i s  confirms t h a t  t h e r e  i s  20% mono- 
The term R-curve 
Monocl in ic Zr02 was expected based on t h e  nature o f  
I n t e r e s t i n g l y ,  t h e  thermal expansion da ta  f o r  Coors Mg-PSZ presented i n  
F igure  7 1  showed s l i g h t  evidence o f  a phase t ransformat ion also. It had 
p rev ious l y  been shown t h a t  subs tan t ia l  monocl in ic  phase i n  t h a t  ma te r ia l  
explained the  poor s t rength  r e t e n t i o n  a f t e r  long-term exposure. The presence 
o f  t h i s  same monocl in ic  phase could be responsib le  f o r  t he  range o f   AT^ values 
exh ib i t ed  by the  Coors ma te r ia l  as shown i n  F igure 91. AT, values as h igh  as 
400°C a r e  h i  gher than expected consi d e r i  ng s t reng th  a1 one (compare i n e r t  
s t rength  and AT, values obtained f o r  t he  Coors and Feldmuhle ma te r ia l s ) .  The 
presence o f  monocl in ic  z i r c o n i a  i n  the  s t r u c t u r e  of  t h e  Coors ma te r ia l  e i t h e r  
i n t e n t i o n a l  o r  un in ten t i ona l  , would he lp  exp la in  t h i s .  
t h e  Coors Mg-PSI c o r r e l a t e s  w i t h  i t s  s t reng th  and e l a s t i c  modulus v a r i a b i l i t y ,  
as discussed i n  Sections 4 and 5. 
This v a r i a b i l i t y  o f  
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10.2 RESULTS FOR EXPOSED MATERIALS 
Water quench thermal  shock t e s t s  were a l s o  conducted a f t e r  t e s t  samples 
had undergone a 1000 hr/1000"C s t a t i c  thermal exposure. 
p rov ided i n  F igures  95-98. The exposed Coors m a t e r i a l  was n o t  sub jec ted  t o  
t h e  water  quench t e s t s  s i n c e  i t s  post-exposure i n t e r n a l  f r i c t i o n  va lues were 
judged t o  be l a r g e  enough t o  perhaps prec lude d e f i n i t i v e  d e t e c t i o n  o f  subse- 
quent changes i n  i n t e r n a l  f r i c t i o n  upon thermal shock. The m i c r o s t r u c t u r e  was 
a1 ready s e v e r e l y  damaged. 
The r e s u l t s  a r e  
F i g u r e s  99-102 summarize t h e  Q-1 vs. AT d a t a  f o r  each m a t e r i a l  b e f o r e  and 
a f t e r  t h e  1000 hr/1000"C thermal exposure. It i s  i n t e r e s t i n g  t o  observe t h a t  
f o r  t h e  Mg-PSZ m a t e r i a l s ,  t h e  c r i t i c a l  quench temperature d i f f e r e n c e  a f t e r  
exposure was  AT^ = 275°C i n  a l l  cases. These da ta  a re  t a b u l a t e d  i n  Table 
21. 
s t a b i l  i zed m a t e r i a l s  t o  e q u i v a l e n t  1 eve1 s of degradat ion--at  l e a s t  f o r  thermal  
shock. Each c o n t a i n s  s i g n i f i c a n t  amounts o f  t ransformed monoc l in ic  m a t e r i a l .  
The presence o f  a c e r t a i n  amount o f  t h e  monoc l in ic  phase might  be expected t o  
be b e n e f i c i a l  t o  thermal shock r e s i s t a n c e  (e.g., t h e  as-received N i l s e n  TS 
m a t e r i  a1 d i  scussed above). 
degradat ion  has occurred,  and a l l  MgO-stabi l ized m a t e r i a l s  e x h i b i t  a  AT^ o f  
275°C. Th is  may again show t h e  c o n t r o l l i n g  i n f l u e n c e  o f  s t r e n g t h  on thermal 
shock behav io r - - the  post-exposure bend s t r e n g t h  o f  a1 1 t h e  Mg-PSZ m a t e r i a l s  
was nomina l l y  40 k s i  . 
The 1000 hr/1000"C exposure i s  severe enough t o  b r i n g  each o f  t h e  MgO- 
However, a f t e r  1000°C/lOOO h r  exposure, much 
Perhaps t h e  most s u r p r i s i n g  r e s u l t  o f  t h e  thermal shock t e s t i n g  o f  ex- 
posed m a t e r i a l s  i s  t h e  behav io r  o f  NGK 2-191 Y203-s tab i l i zed  m a t e r i a l  (F igures  
98 and 102). Th is  m a t e r i a l  a l s o  e x h i b i t e d  a AT, of 275"C, a l though more accu- 
r a t e l y  a range from 275" t o  300°C. Recal l  t h a t  i t s  c r i t i c a l  quench tempera- 
t u r e  d i f f e r e n c e  was 400°C p r i o r  t o  t h e  extended 1000 hr/lOOO°C thermal expo- 
sure ( F i g u r e  90, Table 19). 
Y-TZP, e x h i b i t e d   AT^ = 275°C a f t e r  t h e  exposure. Th is  i s  s u r p r i s i n g  f o r  NGK 
2-191 because t h i s  m a t e r i a l  exper ienced o n l y  a 7% s t r e n g t h  r e d u c t i o n  and no 
e l  a s t i c  modul us change a f t e r  t h e  exposure. I t s  m i c r o s t r u c t u r e  and phase 
assemblage, shown i n  Table 3 and F i g u r e  9, were i m p e r c e p t i b l y  a f f e c t e d .  Th is  
i s  f u r t h e r  supported by thermal expansion d a t a  t h a t  showed no d e t e c t a b l e  
change i n  thermal expansion a f t e r  t h e  1000 hr/lOOO°C exposure ( F i g u r e  68). 
Therefore,  a l l  TTZ m a t e r i a l s ,  both Mg-PSZ and 
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TABLE 21. THERMAL SHOCK RESISTANCE OF TRANSFORMATION-TOUGHENED ZIRCONIA 
BEFORE AND AFTER THERMAL EXPOSURE 
M a t e r i  a1 
N i  1 sen Ng-PSZ 
0 MS Grade 





Feldmuhle ZN-40 Mg-PSZ 325 27 5 
NGK 2-191 Y-TZP 400 27 5-300 
350 * Coors 119-PSZ 
*Coors m a t e r i a l  judged t o o  a l t e r e d  a f t e r  1000 hr/100O0C exposure t o  de- 
f i n i t i v e l y  measure ATc. 
That would tend t o  f u r t h e r  c o n f i r m  t h e  s t a b i l i t y  o f  t h e  Y-TZP m i c r o s t r u c t u r e ,  
b u t  i t  c e r t a i n l y  makes i n t e r p r e t a t i o n  o f  t h e  post-exposure thermal shock 
behav io r  more d i  f f i  c u l  t. 
10.3 SUMMARY OF THERMAL SHOCK RESULTS 
I n  summary, water quench thermal shock r e s i s t a n c e  i n  N i l s e n  MS, Coors, 
and Feldmuhle ZN-40 Mg-PSZ m a t e r i a l s ,  as w e l l  as NGK 2-191 Y-TZP, i s  c o r r e -  
l a t e d  w i t h  t h e  R a n a l y t i c a l  thermal s t r e s s  parameter ( p r o p o r t i o n a l  t o  aa-lE-1) 
f o r  thermal s t r e s s  induced c rack  i n i t i a t i o n .  These m a t e r i a l s  have s i m i l a r  
thermal expansion and e l a s t i c  modul i. Resistance t o  thermal s t r e s s  induced 
crack i n i t i a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t e n s i l e  s t rength.  Therefore,  
t h e  NGK m a t e r i a l  e x h i b i t e d  t h e  h i g h e s t  c r i t i c a l  quench temperature d i f f e r e n c e ,  
 AT^ = 4OOOC. The h ighes t  thermal shock r e s i s t a n c e  was obta ined f o r  t h e  N i l s e n  
TS PSZ,  AT^ = 4250-450°C. Thermal expansion r e s u l t s  i n d i c a t e  and XRD a n a l y s i s  
d i r e c t l y  i l l u s t r a t e s  t h e  h i g h e r  monoc l in ic  phase conten t  f o r  t h i s  m a t e r i a l  , 
t h e  m i c r o s t r u c t u r e  o f  which was op t im ized s p e c i f i c a l l y  f o r  thermal shock. The 
monoc l in ic  phase i s  respons ib le  f o r  t h e  increased thermal shock res is tance.  
A n a l y t i c a l l y ,  however, t h e  atment of such a m a t e r i a l  may r e q u i r e  a thermal 
propagat ion parameter i n s t e a d  o f  t h e  usual c rack  i n i t i a t i o n  parameter. 
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The cu r ren t  ceramic l i t e r a t u r e  r e f e r s  t o  increased R-curve behavior ( increased 
KIc w i t h  crack extension) f o r  such a mater ia l  con ta in ing  t h e  monocl inic phase. 
Th is  i s  apparently t h e  reason f o r  i t s  success i n  water quench tes ts .  
Some monocl inic z i r c o n i a  i n  t h e  m ic ros t ruc tu re  may be b e n e f i c i a l ,  bu t  too  
much i s  very de t r imenta l .  Test bars o f  a l l  transformation-toughened z i r c o n i a  
samples t h a t  had been exposed t o  a 1000 hr/lOOO°C s t a t i c  thermal atmosphere 
experienced a s i g n i f i c a n t  decrease i n  r e s i  stance t o  sudden thermal downshock. 
For Mg-PSZ, t h i s  co r re la tes  w i t h  the  30-70% s t rength  reduc t ion  r e s u l t i n g  from 
overaging. The loss o f  thermal shock res is tance f o r  t h e  Y-TZP (i.e., NGK 
2-191) i s  not so r e a d i l y  understood since i t s  phase assemblage, mic ros t ruc-  




Thermal d i f f u s i v i t y  i s  def ined as the  r a t i o  o f  t he  thermal c o n d u c t i v i t y  
t o  the  dens i t y -spec i f i c  heat product. 
being considered f o r  use i n  the  ho t -sec t ion  o f  t h e  ad iaba t i c  d iese l  engine. 
It i s  o f  obvious i n t e r e s t  f o r  ma te r ia l s  
Thermal d i f f u s i v i t y  was measured a t  room temperature (bo th  be fore  and 
a f t e r  1000 hr/100O0C s t a t i c  exposure) by t h e  l a s e r  pu lse  method.30 The sample 
was supported by a minimum contac t  porous z i r c o n i a  sample holder.  The f r o n t  
face o f  t h e  disk-shaped sample (9/16 i n .  d i a  x 0.050 in .  t h i c k )  was i r r a d i a t e d  
wi th  a s i n g l e  pu lse o f  l a s e r  energy, and t h e  r e s u l t i n g  sample r e a r  face tem- 
perature t r a n s i e n t  detected and recorded as shown i n  F igure 103. 
o f  t h e  thermal d i f f u s i v i t y  was made from t h i s  temperature-time response. 
l a s e r  used was a 3 j o u l e  Korad K - 1  pulsed ruby l a s e r  opera t ing  a t  6943 A 
(random 1 asi  ng, non-Q-swi tched mode). 
Ca lcu la t i on  
The 
The pul  se d u r a t i o n  was nominal l y  1 
msec, which was two orders o f  magnitude shor te r  than the  t r a n s i t  t ime f o r  
T ime 
Figure 103. Sample rear face temperature 
transient in laser pulse method f o r  
thermal diffusivity measurement. 
thermal d i f f u s i o n  through t h e  sample, thereby  making f i n i t e  p u l s e  t i m e  c o r -  
r e c t i o n s  unnecessary. 
wavelength o f  t h e  l a s e r ;  t h i s  must be considered when u s i n g  t h i s  measurement 
method s ince  a r e q u i r e d  boundary c o n d i t i o n  i s  t h a t  t h e  l a s e r  energy be ab- 
sorbed on t h e  f r o n t  sur face  on ly ,  o r  a t  l e a s t  i n  a t h i c k n e s s  very smal l  com- 
pared t o  t h e  sample th ickness.  To accomplish t h i s ,  a -0.8 ~ l m  t h i c k  p l a t i n u m  
c o a t i n g  was a p p l i e d  t o  t h e  z i r c o n i a  sample f r o n t  s u r f a c e  by electron-beam 
evaporat ion.  A d d i t i o n a l l y ,  a t h i n  g r a p h i t e  c o a t i n g  was a p p l i e d  t o  t h e  f r o n t  
sample sur face  t o  inc rease l a s e r  absorpt ion.  
t r a n s i e n t  was de tec ted  w i t h  a l i q u i d  n i t rogen-coo led  ind ium ant imonide i n f r a -  
r e d  d e t e c t o r  (Texas Inst ruments I S V  3105) which i s  ext remely s e n s i t i t i v e  a t  
l o n g  wavelengths corresponding t o  ambient temperature measurement, 
g r a p h i t e  f i l m  was a l s o  a p p l i e d  t o  t h e  z i r c o n i a  sample r e a r  s u r f a c e  t o  avo id  
below-surface v iewing  by t h e  de tec tor .  
was determined when l a s i n g  occurred through t h e  use o f  an a u x i l i a r y  photodiode 
system m o n i t o r i n g  t h e  ruby 1 aser  performance. 
F u l l y  dense z i r c o n i a  i s  t r a n s l u c e n t  a t  t h e  0.69 ,,m 
* 
The sample r e a r  face  temperature 
The t h i n  
I n i t i a l  t ime, to, f o r  t h e  measurement 
Thermal d i f f u s i v i t y ,  (x, was computed f rom t h e  expression: 
0.1388 L 2  a =  
1/2 
where L = sample th ickness ,  crn 
tl,2 = t i m e  f o r  r e a r  f a c e  temperature t o  reach h a l f  i t s  maximum value. 
I n  making t h i s  measurement, i t  was found necessary t o  opera te  t h e  l a s e r  
a t  power l e v e l s  lower  than -75% peak t o  avo id  p e e l i n g  o f f  t h e  t h i n  P t  
c o a t i  ng . ** 
-- - 
*"dgf  123," M i r a c l e  Power Products, Cleveland, Ohio. 
** 
A d d i t i o n a l l y  i t  i s  noted w i t h  i n t e r e s t  t h a t  when an tlg-PSZ sample was 
repeated ly  i r r a d i a t e d  w i t h  t h e  -3 kW peak l a s e r  pulse,  s u r f a c e  damage 
occurred t h a t  c o n s i s t e d  o f  c raze  c r a c k i n g  o f  a c h a r a c t e r i s t i c  s i z e  on t h e  
o r d e r  o f  t h e  g r a i n  s i z e ,  as w e l l  as r a i s e d  areas (i.e., u p l i f t e d  g r a i n s )  
t h a t  migh t  be i n t e r p r e t e d  as i n d i r e c t  evidence o f  volume increase assoc ia ted  
w i t h  a t e t r a g o n a l  t o  monoc l in ic  phase t r a n s f o r m a t i o n  b e i n g  a c t i v a t e d  by t h e  
i n c i d e n t  1 aser  energy. 
188 
TABLE 22. THERMAL DIFFUSIVITY OF TRANSFORMATION-TOUGHENED Z I R C O N I A  
Room-Temperature Thermal D i  f f u s i  v i  ty, 
cm2 sec- 1 (10-3) 
M a t e r i  a1 As -Recei Veda Exposed 1000 h/lOOO°Ca 
NGK 2-191 Y-TZP 11.1, 11.4 11.7, 11.5 
N i l s e n  MS Mg-PSZ 11.0, 11.1 12.5, 12.4 
Feldmuhle ZN-40 My-PSZ 10.9, 11.0 12.2, 11.6 
Coors Mg-PSZ 10.8, 11.0 15.3, 10.4 
aNumbers i n  t a b l e  a re  f o r  r e p l i c a t e  samples; no te  t h a t  as-received 
and exposed samples were f rom d i f f e r e n t  sample s e t s  (i.e., a g iven  
sample was n o t  measured i n  b o t h  v i r g i n  and exposed c o n d i t i o n s ) .  
Thermal d i  f f u s i v i t y  r e s u l t s  f o r  t h e  f o u r  transformation-toughened z i  r- 
c o n i a  m a t e r i a l s  s t u d i e d  a r e  prov ided i n  Table 22. The thermal d i f f u s i v i t y  o f  
z i r c o n i a  i s  very  low--nominal ly  11 x 10-3 cm2 sec-1. Hence, i t s  u t i l i t y  as a 
thermal i n s u l a t o r  f o r  minimum heat  r e j e c t i o n  o r  a d i a b a t i c  d i e s e l  engine h o t -  
s e c t i o n  components. 
i t y ,  g r a i n  s ize ,  degree o f  microcrack ing,  dopant, and c r y s t a l l i n e  phase. 
However, f o r  t h e  Flg-PSZ and Y-TZP m a t e r i a l s  s tud ied ,  t h e  thermal  d i f f u s i v i t y  
f o r  as-received m a t e r i a l  v a r i e d  o n l y  k3%. The thermal  d i f f u s i v i t y  o f  NGK 
Y-TZP was n o m i n a l l y  2% h i g h e r  than t h a t  o f  t h e  t h r e e  Plg-PSZ m a t e r i a l s .  T h i s  
c o r r e l a t e s  t o  i t s  nomina l l y  2% h i g h e r  dens i ty .  
e n t  g r a i n  s ize,  dopant, and phase conten t  o f  My-PSZ and Y-TZP do n o t  a f f e c t  
t h e  thermal d i f f u s i v i t y .  I n  o t h e r  words, thermal d i f f u s i v i t y  i s  n o t  a s t r o n g  
f u n c t i o n  o f  c r y s t a l l i n e  phase i n  z i r c o n i a  i m p l y i n g  t h a t  c u b i c  and t e t r a g o n a l  
forms have s i m i l a r  d i f f u s i v i t i e s .  The apparent i n s e n s i t i v i t y  t o  g r a i n  s i z e  i s  
n o t  complete ly  understood a t  present.  Therefore,  i n  t h e  as-received condi -  
t i o n ,  commerc ia l ly  a v a i l a b l e  transformation-toughened z i r c o n i a  m a t e r i a l s  have 
nominal l y  equi  v a l  e n t  va lues o f  thermal  d i  f f  u s i  v i  t y  (and thus  a1 so thermal 
c o n d u c t i v i t y ,  s ince  t h e  d e n s i t i e s  a r e  s i m i l a r  and t h e  s p e c i f i c  heat i s  n o t  
expected t o  vary  s i g n i f i c a n t l y ) .  
I n  genera l ,  thermal  d i f f u s i v i t y  can be a f f e c t e d  by poros- 
Apparent ly ,  t h e  w i d e l y  d i f f e r -  
A f t e r  1000 h/lOOO°C s t a t i c  thermal exposure, t h e  thermal d i f f u s i v i t y  o f  
t h e  transformation-toughened z i r c o n i a  m a t e r i a l s  was more v a r i a b l e ,  and i n -  
creased s l  i g h t l y - - f r o m  nomina l l y  3% increase f o r  NGK 2-191 Y-TZP t o  nomina l l y  
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9% and 13% increases  f o r  Feldmuhle ZN-40 and N i l s e n  MS Mg-PSZ m a t e r i a l s ,  
r e s p e c t i v e l y .  
cm2 sec-1, whereas t h e  average va lue  f o r  t h e  exposed N i l s e n  and Feldmuhle Mg- 
PSZ m a t e r i a l s  was 12.2 x 10-3 cm2 sec-1. 
w i t h  t h e  1000 h/lOOO°C thermal exposure f o r  t h e  Mg-PSZ m a t e r i a l s  c o r r e l a t e s  
w i t h  t h e  inc rease i n  monoc l in ic  c o n t e n t  and assoc ia ted  m i c r o c r a c k i n g  t h a t  
r e s u l t  f rom t h e  degradat ion  processes i n v o l v e d  i n  long- term exposure i n  mag- 
n e s i a - s t a b i l i z e d  PSZ (e.g., decomposi t ion and phase change caused by des ta-  
b i l  i z a t i o n  and overaging) .  
ever, increased by as much as 40% ( t o  15.3 x 10-3 cm2 sec-1) upon t h e  1000 h r /  
1000°C s t a t i c  thermal exposure. Also, t h e  Coors m a t e r i a l  was more v a r i a b l e  
a f t e r  exposure. These d a t a  c o r r e l a t e  w i t h  observa t ions  o f  o t h e r  p r o p e r t i e s  o f  
exposed Coors Mg-PSZ made p r e v i o u s l y .  
The average va lue  f o r  exposed NGK 2-191 Y-TZP was 11.6 x 10-3 
T h i s  inc rease i n  thermal  d i f f u s i v i t y  
The thermal d i f f u s i v i t y  o f  t h e  Coors Mg-PSZ, how- 
1 
It i s  i m p o r t a n t  t o  no te  t h a t  when making t h e  l a s e r  f l a s h  thermal d i f f u s -  
i v i t y  measurement on t h e  exposed Mg-PSZ m a t e r i a l s ,  i t  was necessary t o  employ 
heat  l o s s  c o r r e c t i o n  methodology t o  t h e  da ta  r e d u c t i o n  procedure. One o f  t h e  
boundary c o n d i t i o n s  employed t o  o b t a i n  t h e  i d e a l  a n a l y t i c a l  s o l u t i o n  t o  t h e  
c o n d i t i o n s  o f  t h e  l a s e r  p u l s e  measurement i s  t h a t  t h e r e  are  no heat  losses  
t h a t  would a l t e r  t h e  shape o f  t h e  temperature t r a n s i e n t .  
d i t i o n  i s  o f t e n  v i o l a t e d  by r a d i a t i o n  t r a n s f e r  a t  h i g h  tempratures.  
Th is  boundary con- 
Tay lo r31  discusses a convenient  c o r r e c t i o n  f o r  t h i s  e f f e c t  based on 
Cowan's o r i y i n a l  work.32 T h i s  c o r r e c t i o n  i n v o l v e s  comparison o f  t h e  shape o f  
t h e  e x p e r i m e n t a l l y  ob ta ined temperature t r a n s i e n t  a t  t imes o u t  t o  -5tlI2 t o  
t h e  shape o f  t h e  i d e a l  r e a r  face temperature t r a n s i e n t  ob ta ined f rom t h e  i d e a l  
a n a l y t i c a l  s o l u t i o n  ( t h e  general  shape o f  t h e  r e a r  face temperature t r a n s i e n t  
i s  independent o f  sample thermal d i f f u s i v i t y ) .  
e leva ted  temperature measurement a t  T > 1000°C. 
d i f f u s i v i t y  m a t e r i a l s  i t  was found t o  be r e q u i r e d  (about a -7% e f f e c t )  f o r  t h e  
exposed Mg-PSZ m a t e r i a l s .  Therefore, t h e  apparent increased r a d i a t i o n  c o n t r i -  
b u t i o n  f o r  exposed Mg-PSZ would suggest t h a t  t h e  increase i n  thermal d i f f u s i v -  
i t y  observed upon 1000 hr/lOOO°C exposure i s  due more t o  t h e  degree o f  
increased mic rocrack ing  t h a t  accompanies any degradat ion than t o  any g r a i n  
s i z e  changes o r  inc rease i n  t h e  monoc l in ic  z i r c o n i a  conten t  per  se. 
words, t h e  thermal d i f f u s i v i t y  o f  monoc l in ic  z i r c o n i a  may n o t  be h i g h e r  than 
t h a t  o f  t e t r a g o n a l  and/or c u b i c  z i r c o n i a  (p resent  p r i o r  t o  degradat ion)  , b u t  
Th is  c o r r e c i t o n  i s  common i n  
However, f o r  t h e  present  l o w  
I n  o t h e r  
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r a t h e r  t h e  increase i n  thermal d i f f u s i v i t y  upon degradat ion i s  t he  r e s u l t  o f  
increased microcrack ing i n  severe ly  degraded mater ia ls .  
From the  p o i n t  o f  view o f  thermal design w i t h  transformation-toughened 
z i r c o n i a  f o r  ad iaba t i c  d iese l  engine app l i ca t i ons ,  i t  i s  noteworthy t h a t  t h e r e  
i s  no thermal b e n e f i t  o f  Y-TZP over My-PSZ--both forms o f  t ransformat ion-  
toughened z i r c o n i a  have nominal ly  equ iva len t  values o f  (room temperature) 
thermal d i f f u s i v i t y .  The increase i n  thermal d i f f u s i v i t y  f o r  Mg-PSZ upon 
long-term degradation, however, i s  t y p i c a l l y  nominal ly  10-13% bu t  can be as 
h igh  as 40%. This w i l l  c e r t a i n l y  a f f e c t  the  thermal performance o f  t h e  adia- 
b a t i c  system ( i f  not f i r s t  no t iceab le  i n  t h e  decreased mechanical performance 
due t o  the  concurrent d r a s t i c  decreases i n  s t reng th  and toughness associated 
w i t h  t h e  degradat ion).  
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12. STRESS RUPTURE/STATIC FATIGUE 
Another aspect o f  t h e  long- term s t a b i l i t y  o f  transformation-toughened 
z i r c o n i a  was examined--s tat ic  f a t i g u e .  
s i b l e  t i m e  dependence o f  s t r e n g t h  ( a t  s t r e s s  l e v e l s  below t h e  f a s t  f r a c t u r e  
s t r e n g t h )  d u r i n g  extended s t a t i c  exposure a t  1000°C. Bas ica l  l y  , a cons tan t  
f l e x u r a l  s t r e s s  was a p p l i e d  t o  t h e  t e s t  sample a t  1000°C, and t h e  f a i l u r e  t i m e  
recorded. Th is  i s  r e f e r r e d  t o  as a s t r e s s  r u p t u r e  o r  a s t a t i c  f a t i g u e  t e s t  
(as  opposed t o  dynamic f a t i g u e ,  where i n  i n p u t  s t r e s s  i s  t i m e  dependent, o r  
c y c l  i c  mechanical f a t i g u e )  . 
It was o f  i n t e r e s t  t o  l e a r n  t h e  pos- 
Several forms o f  s t a t i c  f a t i g u e  have been i d e n t i f i e d  f o r  s t r u c t u r a l  
ceramics i n  genera l ,  and s i l i c o n - b a s e  ceramics (e.g., S i c  and S i  N ) i n  par -  
t i c u l a r .  
l i s h e d  d a t a  base f o r  s i l i c o n - b a s e  ceramics. 
o f  o r i g i n s  and mechanisms, e i t h e r  a c t i n g  s i n g l y  o r  simul taneous ly  operable.  
For instance,  s t a t i c  f a t i g u e  can be t h e  r e s u l t  o f  s t r e s s  c o r r o s i o n ,  which i s  
env i ronmenta l l y  a s s i s t e d  s t r e n g t h  degradat ion.  Another form i s  creep f r a c -  
t u r e ,  which i s  d i f f u s i o n  and c a v i t a t i o n - r e l a t e d  de format ion  t h a t  r e s u l t s  i n  
t h e  f o r m a t i o n  o f  e x t e n s i v e  mic rocrack  networks. A t h i r d  form o f  s t a t i c  
f a t i g u e  i s  s u b c r i t i c a l  c rack  growth, o r  t h e  ex tens ion  o f  f laws,  such as t r i p l e  
p o i n t  vo ids,  w i t h  t ime.  A common cause i s  g r a i n  boundary s l i d i n g ,  o r  t h e  r e l -  
a t i v e  movement o f  g r a i n s  surrounded by t h i n  deformable i n t e r g r a n u l a r  f i l m s .  
S t a t i c  f a t i g u e ,  o r  s t r e n g t h  degradat ion  w i t h  t ime,  can a l s o  be r e l a t e d  t o  h i g h  
temperature o x i d a t i o n  o r  gaseous c o r r o s i o n  mechanisms where t h e  i n t r i n s i c  
vo lume-d is t r ibu ted  f l a w  p o p u l a t i o n  i s  changed t o  a sur face-re1 a ted  c r i t i c a l  
f l  aw popul a t  ion.  
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The behav io r  found f o r  z i r c o n i a  w i l l  be compared t o  t h e  more estab- 
S t a t i c  f a t i g u e  can have a v a r i e t y  
F o r  t ransformat ion-toughened z i  rcon ia ,  t h e  a d d i t i o n a l  mechanism o f  phase 
t r a n s f o r m a t i o n  must be considered when i n t e r p r e t i n g  s t a t i c  f a t i g u e .  The goal 
o f  t h e  present  exper iments was t o  t e s t  t h e  m a t e r i a l s  a t  lOOOOC a t  a p p l i e d  
loads  t h a t  were lower  than t h e  f a s t  f r a c t u r e  s t r e n g t h s  a t  1000°C. I n  t h i s  
manner, we c o u l d  p o s s i b l y  determine t h e  e x i s t e n c e  o f  time-dependent mechani sms 
o f  s t r e n g t h  r e d u c t i o n  o t h e r  than t h e  pr imary  phase t r a n s f o r m a t i o n .  
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The r e s u l t s  a r e  presented i n  F i g u r e  104, where t h e  f a i l u r e  t i m e  i s  p l o t -  
For NGK 2-191 Y-TZP, t h e  f a s t  t e d  f o r  v a r i o u s  i n i t i a l  a p p l i e d  s t r e s s  l e v e l s .  
f r a c t u r e  s t r e n g t h  a t  1000°C was 40.3 k s i .  
f a i l u r e  t imes o f  two samples loaded t o  90% of t h e  f a s t  f r a c t u r e  s t r e n g t h  
(i.e., 36.4 k s i ) .  
i n  nomina l l y  2.3 h r ,  as shown i n  F igure  104. 
t h e  a p p l i e d  s t r e s s  was then reduced t o  n o m i n a l l y  80% and 70% o f  t h e  1000°C 
f a s t  f r a c t u r e  s t rength .  As shown i n  F igure  104, b o t h  o f  these t e s t s  were 
t e r m i n a t e d  ( a f t e r  106 and 189 hr ,  r e s p e c t i v e l y )  due t o  excess ive sample d e f o r -  
mation. A photograph showing t h e  s u p e r p l a s t i c  behav io r  i s  p rov ided i n  F i g u r e  
105. The r e l a t i v e l y  poor  creep r e s i s t a n c e  o f  NGK 2-191 Y-TZP was d iscussed i n  
Sec t ion  8, and i s  a r e s u l t  o f  t h e  f i n e  g r a i n  s t r u c t u r e  o f  t h i s  m a t e r i a l  and/or 
a Si0 - r i c h  i n t e r g r a n u l a r  phase t h a t  deforms a t  e l e v a t e d  temperature.  
e x c e s s i v e l y  deformed TZP samples were inked t o  decorate any c rack ing ,  and 
examined i n  t h e  l o w  m a g n i f i c a t i o n  o p t i c a l  b inocul  a r  microscope. No evidence 
o f  creep f r a c t u r e  was observed on t h e  t e n s i l e  surfaces. 
Attempts were made t o  measure t h e  
One sample f a i l e d  j u s t  a f t e r  load ing ,  and t h e  o t h e r  f a i l e d  
To extend t h i s  t o  l o n g e r  t imes,  
The 
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The 1000°C s t a t i c  f a t i g u e  r e s u l t s  f o r  t h e  Mg-PSZ m a t e r i a l s  f rom Ni lsen,  
Feldmuhle, and Coors, however, gave much d i f f e r e n t  r e s u l t s ,  as shown i n  F i g u r e  
104. The Coors Mg-PSZ s u r v i v e d  u = 0.8af ( i .e.,  80% o f  t h e  1000°C f a s t  f r a c -  
t u r e  s t r e n g t h )  f o r  over 1600 h r  w i t h o u t  f a i l u r e .  
a p p l i e d  l o a d  of  0 = 0 . 9 0 ~  Surv ived over 1500 h r  w i t h o u t  f a i l u r e .  However, i n  
b o t h  instances,  t h e  t e s t  t e r m i n a t i o n  procedure i n v o l v e d  fu rnace-coo l ing  under 
load,  and bo th  samples f a i l e d  i n  2-4 h r  d u r i n g  t h e  fu rnace cool-down. 
The Coors sample w i t h  an 
For t h e  N i l s e n  MS Grade Mg-PSZ samples, t h e  same phenomenon was observed. 
Test  samples s u r v i v e d  a s t a t i c  load,  O, o f  0.80f < cs < 0.9af f o r  1325 and 1510 
hr ,  r e s p e c t i v e l y .  F a i l u r e  then occurred i n  1-3 h r  w h i l e  c o o l i n g  under l o a d  
from t h e  1000°C t e s t  temperature. 
S i m i l a r  r e s u l t s  were obta ined f o r  Feldmuhle ZN-40 Mg-PSZ a t  an a p p l i e d  
s t r e s s  o f  0.90f. 
a p p l i e d  load, o n l y  t o  f a i l  i n  l e s s  than 2 h r  w h i l e  fu rnace-coo l ing  under 
load. S t a t i c  f a t i g u e  t e s t i n g  a t  0 . 8 0 ~  a p p l i e d  l o a d  (i.e., 24.6 k s i )  was 
conducted s u c c e s s f u l l y  f o r  1610 h r  f o r  Feldmuhle ZN-40, and t h i s  sample was 
t h e  o n l y  one t o  s u r v i v e  t h e  furnace c o o l i n g  w i t h o u t  i n c i d e n t .  The r e s i d u a l  
s t r e n g t h  o f  t h a t  sample was 31.3 k s i .  Note t h a t  t h e  Feldmuhle m a t e r i a l  was 
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Figure  105. D e f l e c t i o n  of NGK 2-191 bend spec imen 
a f t e x  1000°c s t a t i c  f a t i g u e  tes t  o f  189 hr a t  
28.1 k s i ,  a stxess Level t h a t  corresponds  t o  
%70% of the  f a s t  f r a c t u r e  s t r e n g t h  a t  1000°C. 
prev ious l y  found t o  be l e s s  a f fec ted  by t h e  exposure i n  terms o f  i t s  phase 
assemblage, mic ros t ruc ture ,  and res idua l  s t rength.  The fac t  t h a t  i t  was t h e  
only  Mg-PSZ t o  su rv i ve  the  s t a t i c  f a t i g u e  t e s t  co r re la tes  w i t h  t h i s .  
The su rv i va l  o f  t he  Mg-PSZ mate r ia l s  a t  1000°C f o r  per iods o f  nomina l l y  
2000 hr under app l ied  loads o f  up t o  90% o f  t he  fast  f rac tu re  s t rength  a t  t h a t  
temperature i s  encouraging. This means t h a t  c l a s s i c  s t a t i c  f a t i g u e  mechanisms 
such as discussed above may not  be operable and per formance- l imi t ing i n  
t ransformat ion-toughened z i rcon ia .  Instead, t h e  problem i s  i n  t h e  f r a c t u r e s  
observed (almost u n i v e r s a l l y )  as t h e  t e s t  samples furnace-cooled from 1000°C 
w h i l e  under load. This w i l l  be shown t o  be t h e  r e s u l t  of a major te t ragona l -  
to-monocl in ic phase t ransformat ion.  It should be noted t h a t  t h e  f a i l u r e s  were 
n o t  caused by thermal shock s ince  the  samples were furnace-cooled very  s lowly .  
S i m i l a r l y ,  t he  f rac tu res  were no t  caused by s t resses o r i g i n a t i n g  from any 
poss ib le  thermal expansion m i  smatch between t h e  specimen and load ing  f i x t u r e  
(S ic ) .  This view i s  based on t h e  f a c t  t h a t  a l l  f r a c t u r e s  occurred a t  t h e  
midspan o f  t h e  specimens, f a r  from any S ic  p ins.  
A l l  Mg-PSZ f r a c t u r e s  occurred i n  -2-4 h r  a f t e r  t e rm ina t ing  t h e  1000°C 
s t a t i c  f a t i g u e  t e s t .  A subsequent coo l i ng  r a t e  measurement f o r  t h e  furnace 
used i n  t h i s  s t a t i c  f a t i g u e  t e s t  i l l u s t r a t e d  t h a t  t he  f r a c t u r e s  occurred a t  a 
temperature almost p r e c i s e l y  equ iva len t  t o  the  Ms temperature o f  each Mg- 
PSZ. This i s  i l l u s t r a t e d  i n  Figures 106 and 107 f o r  t he  Coors and Feldmuhle 
Mg-PSZ mater ia ls ,  where the  furnace coo l i ng  curve i s  superimposed on the  
thermal expansion curve t h a t  would be roughly equ iva len t  t o  t h e  mic ros t ruc-  
t u r a l  s t a t e  o f  Mg-PSZ a f t e r  t he  1500-2000 h r  exposure a t  1000°C i n  the  s t a t i c  
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Figure  106. Furnace c o o l i n g  c u r v e  superimposed on Coors Mg-PSZ 
thermal  e x p a n s i o n  c u r v e ,  i l l u s t r a t i n g  t h a t  f a i l u r e  a t  con- 
c l u s i o n  o f  s t a t i c  f a t i g u e  test occurred a s  the M S t empera ture  
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F igure  107. Furnace c o o l i n g  c u r v e  superimposed on Feldmuhle ZN-40 
Mg-PSZ thermal  e x p a n s i o n  c u r v e ,  i l l u s t r a t i n g  t h a t  f a i l u r e  a t  
c o n c l u s i o n  of s t a t i c  f a t i g u e  test occurred a s  the M t empera ture  
was passed  th rough .  S 
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fa t igue t e s t .  The Ms temperature i s  where t h e  te t ragona l  +monoc l i n i c  phase 
t ransformat ion occurs upon cool ing,  and i s  i d e n t i f i e d  on t h e  expansion (con- 
t r a c t i o n )  curve i n  F igures 106 and 107. 
When t h i s  t ime i s  placed on t h e  furnace coo l i ng  curve, i t  i s  noted t h a t  f r a c -  
t u r e  occurred p r e c i s e l y  as t h e  Ms temperature was passed through. Therefore, 
a l l  Mg-PSZ samples surv ived t h e  -2000 hr/100O0C s t a t i c  fa t igue,  o n l y  t o  f r a c -  
t u r e  upon coo l i ng  a t  t h e  Ms temperature (-300"-400"C). 
The t ime  o f  f r a c t u r e  was recorded. 
The m ic ros t ruc tu ra l  s t a t e  o f  t he  Mg-PSZ mate r ia l s  a f t e r  t h e  s t a t i c  
f a t i gue  t e s t  i s  i l l u s t r a t e d  i n  F igure  108, showing N i lsen  MS mate r ia l  a f t e r  
1508 h r  a t  1000°C a t  a constant s t ress  corresponding t o  0.9 of. The severe 
degradat ion i s  evident.  Subsequent XRD phase ana lys is  o f  t h i s  sample i n d i -  
cated the  phase composition t o  be 92% monocl in ic,  5% cubic,  and 3% t e t r a g -  
onal. 
t i o n ,  and decomposition e f f e c t .  
t o  monocl in ic.  
Obviously, t h e  degradat ion invo lves  a combined overaging, des tab i l  i za -  
The s t r u c t u r e  was almost completely converted 
Table 23 summarizes t h e  p e r t i n e n t  s t rength  data and s t ress  
200x 
Figure  108.  M i c r o s t r u c t u r e  o f  Nilsen Ms Mg-PSZ a f t e x  
1508 hr s t a t i c  f a t i g u e  t es t  a t  1000°C a t  a stress 
correspond ing  t o  0.9 0 X R D  a n a l y s i s  i n d i c a t e s  a f ' phase  compos i t ion  c o n s i s t i n g  o f  92% m o n o c l i n i c ,  5% 
c u b i c ,  and 3% t e t r a g o n a l  .) Combined o v e r a g i n g ,  
d e s t a b i l i z a t i o n ,  and decompos i t ion  e f f e c t .  
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TABLE 23. FLEXURE STRENGTH AND STATIC FATIGUE STRESS LEVELS FOR Z I R C O N I A  
4-Point  Bend Strength,  k s i  
S t rength  A f t e r  
F r a c t u r e  1000 h r/1000"C 
As-Received Residual  25°C 
1000°C Fast  A lied S t a t i c  Stress,g F a t i  e ksi 
"!?cy 0 . 8 q  0.9of --- M a t e r i  a1 S t  r e n g t  ha Expos urea 
N i l s e n  MS Mg-PSZ 38.5-44.1 
(41.6) 
(30.9) 
Feldmuhle ZN-40 Mg-PSZ 29.1-32.7 
Coors Mg-PSZ 17.0-33.2 
(23.7) 
NGK 2-191 Y-TZP 35.3-44.1 
(40.3) 
34.2-48.9 
(39.4) --  33.2 37.5 
(43.2) -- 24.6 27.9 
(21.1) -- 19.0 21.4 




aRange f o r  5-sample popu la t ion ,  averaye i n  parentheses. 
b70%, 80%, and 90% o f  t h e  1000°C f a s t  f r a c t u r e  s t rength .  
l e v e l s  o f  t h e  s t a t i c  f a t i g u e  experiments. The f a i l u r e s  i n  t h e  s t a t i c  f a t i g u e  
t e s t s  occurred a t  s t r e s s  l e v e l s  s i g n i f i c a n t l y  lower  than t h e  r e s i d u a l  s t r e n g t h  
a f t e r  t h e  prev ious s t a t i c  1000 hr/lOOO°C exposures, and lower  than t h e  p r e v i -  
o u s l y  presented 1000°C f a s t  f r a c t u r e  s t rengths .  Th is  i n f o r m a t i o n  i l l u s t r a t e s  
t h a t  t h e  Mg-PSZ m a t e r i a l s  degrade d u r i n g  extended e leva ted  temperature expo- 
sure,  and subsequent ly f a i l  i f  under l o a d  when t h e  s t r u c t u r e  undergoes t h e  
t r a n s f o r m a t i o n  o f  t h e  monoc l in ic  phase a t  t h e  P9, temperature upon cool  ing.  
In summary, t h e  present  s t a t i c  f a t i g u e  t e s t s  i l l u s t r a t e  t h a t  ( a )  t h e  con- 
v e r s i o n  o f  any unconst ra ined t e t r a g o n a l  phase i n  t h e  Mg-PSZ s t r u c t u r e  t o  t h e  
monoc l in ic  form a t  t h e  M, temperature as t h e  m a t e r i a l  c o o l s  th rough t h e  mar- 
t e n s i t i c  t r a n s f o r m a t i o n  reg ion ,  and ( b )  l o s s  o f  t h e  c u b i c  phase by d e s t a b i l -  
i z a t i o n  and decomposi t ion,  are t h e  most c r i t i c a l  parameters f o r  l o n g  t e r m  
s t r e n g t h  degradat ion  and t h e  development o f  assoc ia ted  1 i f e  p r e d i c t i o n  meth- 
odology and s t r a t e g i e s .  
b u l k  d i f f u s i o n ,  c a v i t y  n u c l e a t i o n ,  creep f r a c t u r e ,  s u b c r i t i c a l  crack growth, 
e tc .  It i s  s imp ly  r e l a t e d  t o  c o n t r o l l i n g  t h e  phase assemblage o f  t h e  s t r u c -  
t u r e ,  and p r e v e n t i n g  i t s  convers ion t o  monoc l in ic  as t h e  Ms temperature i s  
passed through upon c o o l i n g  f rom t h e  s e r v i c e  temperature. 
The l i m i t i n g  l o n g  term behav io r  i s  n o t  r e l a t e d  t o  
Note, however, t h a t  
200 
several  mechanisms may be invo lved i n  the  observed degradat ion (i.e., over- 
aging [t + m], s t ress-ass is ted  t ransformat ion,  decomposition [ c  + m + Mg], 
d e s t a b i l i z a t i o n  [c +m] by v o l a t i z a t i o n  o f  MgO s t a b i l i z e r ,  etc.) . 
For Y-TZP, t h e  o v e r r i d i n g  long term problem i s  not  r e l a t e d  t o  such phe- 
nomena i n v o l v i n g  a tetragonal-to-monocl i n i c  phase t ransformat ion.  




13. THERMAL FATIGUE 
It was shown i n  the  s t a t i c  f a t i g u e  work presented i n  Sect ion 12 t h a t  
Y-PSZ (i .e., TZP) ma te r ia l s  suf fered from excessive deformat ion w h i l e  under 
s i g n i f i c a n t  load  a t  1000°C. 
PSZ, i t  was found t h a t  l i t t l e  o r  no t ime dependence per  se was seen i n  the  
s t rength;  however, v i r t u a l l y  a l l  o f  t h e  samples f a i l e d  a f t e r  t h e  2000 hr f  
1000°C exposure as t h e  sample cooled under load through t h e  fls temperature, 
t h e  p o i n t  a t  which t h e  te t ragonal  z i r c o n i a  t ransforms t o  monocl in ic  i n  t h e  
overaged, d e s t a b i l  i zed, and decomposed mater ia l .  Thi s t e s t  and i t s  r e s u l t s  
are s i g n i f i c a n t  f o r  d iese l  engine app l i ca t i ons  s ince t h e  maximum temperature 
expected i n  c e r t a i n  engine con f igu ra t i ons  w i  11 be -lO0OoC ( i  .e., p i  s ton cap), 
and long serv ice  t imes are pro jec ted  (much grea ter  than 1000 hr ) .  
For t h e  coarse-grain p r e c i p i t a t e  s t ruc tu re ,  Mg- 
Since the  problem i s  re1 ated t o  the  tetragonal- to-monocl  i n i c  phase t rans-  
format ion,  i t  i s  very appropr ia te  t o  examine thermal f a t i g u e  behavior,  especi-  
a l l y  i n  regards t o  p o t e n t i a l  degradat ion from c y c l i n g  through t h e  As (rn -+ t )  
and Ms ( t  -f m) temperatures many times. Accordingly,  a thermal f a t i g u e  t e s t  
was conducted on one sample o f  each o f  t he  f o u r  transformation-toughened 
mater ia ls ,  wherein a t y p i c a l  d iese l  engine s ta r t -up  and shut-down cyc le  was 
simulated. Test samples were s lowly  cycled under no mechanical load  i n t o  a ' 
furnace maintained a t  1000°C i n  a t ime o f  -20 min; t he  residence t ime a t  
1000°C was 10 min; t h e  sample was s lowly  withdrawn t o  ambient cond i t ions  over 
a per iod o f  10 min; t h e  residence t ime a t  ambient cond i t ions  was 10 min p r i o r  
t o  the  s t a r t  o f  t h e  next thermal cycle.  Th is  thermal cyc le  was repeated a 
t o t a l  o f  1115 times. The t o t a l  residence t ime a t  1000°C was 186 hr.  The 
res idua l  bend s t reng th  and dynamic e l  a s t i c  modulus were measured a f t e r  t h i s  
thermal c y c l  i ng . 
The r e s u l t s  f o r  e l a s t i c  modulus a re  presented i n  Table 24, where t h e  as- 
received modulus and t h e  modulus a f t e r  1000 hr/1000"C exposure are a l so  tabu- 
1 ated f o r  reference. The values f o r  thermal- fa t igued sarnpl es a r e  v i r t u a l l y  
unchanged. 
c y c l i n g  d i d  no t  occur. 
This i 11 us t ra tes  t h a t  extens ive microcrack ing a f t e r  repeated 
$RE 
203 
TABLE 24. THERMAL FATIGUE RESULTS--ELASTIC MODULUS 
Dynamic E l a s t i c  Modulus a t  25"C, 106 p s i  
A f t e r  A f t  e r 11 1 5 
1000 hr / lOOO°C Cycles f rom 
M a t e r i  a1 As-Received Exposure 25" t o  1000°C 
NGK 2-191 TZP 28.9 28.9 29.1 
N i l  sen MS Mg-PSZ 29.3 30.2 29.1 
Fel  dmuhl e ZN-40 Mg-PSZ 29.8 29.2 29.8 
Coors Mg-PSZ 29.5 18.3-27.0a 31.5 
aObtained from deformat ion  i n  bend t e s t .  
The thermal f a t i g u e  r e s u l t s  f o r  bend s t r e n g t h  a r e  t a b u l a t e d  i n  Table 25. 
Comparison i s  made t o  as-received f a s t  f r a c t u r e  s t r e n g t h  a t  25" and 1000°C, 
and t h e  r e s i d u a l  room temperature s t r e n g t h  a f t e r  1000 hr/1000"C thermal expo- 
sure. 
Z-191 TZP sample i s  17% lower  than i t s  as-received s t rength ,  b u t  s t i l l  s i g n i f -  
i c a n t l y  h i g h  (107 k s i ) .  As d iscussed above, t h e  m i c r o s t r u c t u r e  o f  TZP i s  very 
s tab le .  
exposure samples, where t h e  s t r e n g t h  was o n l y  7% lower  t h a n  t h e  o r i g i n a l  
s t rength .  
However, t h i s  was on o n l y  one sample, and t h u s  t h e  r e p r o d u c i b i l i t y  o f  t h e  
r e s u l t  i s  n o t  known. Z i r c o n i a  i s  known t o  have r e l a t i v e l y  poor  thermal shock 
res is tance.  Some minimal mic rocrack ing  may have r e s u l t e d  f rom t h e  1115 
thermal f a t i g u e  cyc les .  
s i d u a l  s t r e n g t h  data.  
As shown i n  Table 25, t h e  s t r e n g t h  o f  t h e  s i n g l e  t h e r m a l - f a t i g u e d  NGK 
There was no evidence o f  phase change i n  t h e  pos t  1000 hr/lOOO°C 
The t h e r m a l - f a t i g u e d  sample e x h i b i t e d  a 17% s t r e n g t h  reduc t ion .  
However, t h e  e f f e c t  i s  n o t  l a r g e  based on t h e  r e -  
The flg-PSZ m a t e r i a l s  a r e  known t o  s u f f e r  severe s t r e n g t h  degradat ion  due 
t o  overaging and destabilization/decomposition i n  t h e  s t a t i c  1000 hr/lOOO°C 
exposure. Note i n  Table 25 t h a t  t h e  N i l s e n  m a t e r i a l  exper ienced an i d e n t i c a l  
s t r e n g t h  degradat ion  (i.e., 56%) i n  t h e  thermal f a t i g u e  t e s t ,  where t h e  expo- 
s u r e  t i m e  was much s h o r t e r ,  i.e., 186 h r .  However, t h e  My-PSZ m a t e r i a l s  f rom 
Coors and Feldmuhle d i d  n o t  degrade as much due t o  t h e  1115-cycle thermal 
f a t i g u e  as t h e y  d i d  i n  t h e  1000 hr/lOOO°C s t a t i c  thermal exposure. The t o t a l  
t i m e  a t  1000°C i n  t h e  s t a t i c  exposure was 1000 hr. 
1000°C i n  t h e  f a t i g u e  t e s t  was 186 h r .  
m a t e r i a l s  appears t o  c o r r e l a t e  w i t h  t o t a l  t i m e  a t  1000°C. It appears t h a t  t h e  
The t o t a l  t i m e  spent  a t  
The s t r e n g t h  degradat ion  f o r  these 
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TABLE 25. THERMAL FATIGUE RESULTS--FLEXURAL STRENGTH 
4-Point  F lexure  Strength, k s i  
As-Received 1000 hr / lOOO°C Cycles from 
Residual St rength a t  25°C 
A f t e r  A f t e r  11 15 
Mater i  a1 25°C 1000°C Exposure 25" t o  1000°C 
NGK 2-191 TZP 129.1 40.3 119.8 
N i l  sen MS Mg-PSZ 92.5 41.6 39.4 
Coors Mg-PSZ 69.9 23.7 21.1 





1115 cyc les  through t h e  Ms temperature was no t  i n  i t s e l f  de t r imenta l .  
ab ly ,  t h e  overaging and des tab i l  izat ion/decomposi t ion i s  n o t  as severe a f t e r  
on ly  186 h r  a t  1000°C, compared t o  t h e  l e v e l  o f  overaging and d e s t a b i l i z a t i o n /  
decomposition which occurred a f t e r  1000 h r  a t  1000°C. Note t h a t  t h e  thermal 
f a t i g u e  t e s t s  were conducted on samples w i t h  no mechanical l oad  appl ied.  
Presum- 
These thermal f a t i g u e  r e s u l t s  suggest t h a t  t h e  t ime a t  e levated tempera- 
t u r e  i s  t h e  most important f a c t o r  i n  p roper ty  degradation. The mechanisms and 
k i n e t i c s  o f  t h e  d i f f e r e n t  degradat ion modes should the re fo re  be studied. 
Progressive damage by microcrack ing as the  Ms temperature i s  repeatedly  passed 
through does not  appear t o  occur t o  any great  ex ten t  i n  t ransformat ion-  




Transformation-toughened z i r c o n i a  i s  recognized t o  have thermal and 
mechanical p r o p e r t i e s  t h a t  a r e  p o t e n t i a l l y  b e n e f i c i a l  f o r  use i n  t h e  minimum 
heat r e j e c t i o n  d i e s e l  engine. As such, a necessary requirement o f  ceramic 
vendors i s  t o  produce TTZ i n  t h e  r e q u i r e d  component c o n f i g u r a t i o n s .  S p e c i f i c  
component, des igns are  a f u n c t i o n  o f  t h e  p a r t i c u l a r  engine and i t s  performance 
reqwi rements, and a r e  g e n e r a l l y  p r o p r i e t a r y .  L i  kewi se, t h e  d e t a i l  s o f  ven- 
d o r s '  p roduc t ion  f a c i l i t i e s  and c a p a b i l i t i e s  a re  p r o p r i e t a r y .  However, t h e  
d i e s e l  engine comniuni t y  can be assured t h a t  t ransformat ion-toughened z i r c o n i a  
i s  be ing  scaled t o  p r o d u c t i o n  q u a n t i t i e s  by c u r r e n t  f o r e i g n  and domest ic 
vendors e A r e p r e s e n t a t i v e  sampl i n g  o f  t y p i c a l  transformation-toughened z i  r- 
c o n i a  d i e s e l  engine components t h a t  have been produced has been prov ided f o r  
t h e  NGK and N i l s e n  m a t e r i a l s ,  and i s  presented i n  F igures  109 and 110. 
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F.&ure 109. Zirconia diesel engine compnenta produced by NGK. 
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OF. POOR QUALnV 
(c)  
Figure 109. (cont .) 
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(a 1 
F i g u r e  110. Z i r c o n i a  d i e s e l  e n g i n e  components  produced  b y  N i l c ra  Ceramics 
(Nilsen Mg-PSZ) . 
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(b)  
Figure  1 L o .  (cont.) 
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15. DISCUSSION AND CONCLUSIONS 
Transformation-toughened z i r c o n i a  o f f e r s  un ique b e n e f i t s  f o r  use as a 
s t r u c t u r a l  component i n  t h e  a d i a b a t i c  d i e s e l  engine. Resides hav ing  low 
thermal c o n d u c t i v i t y ,  t h i s  ceramic possesses b o t h  h i g h  s t r e n g t h  and h i g h  
f r a c t u r e  toughness a t  moderate temperatures. It i s  re1 a t i v e l y  f l  aw t o l e r a n t ,  
e x h i b i t i n g  Weibul l  modul i  , a measure o f  s t r e n g t h  d i s t r i b u t i o n  d i s p e r s i o n ,  t h a t  
a r e  h i g h  f o r  m o n o l i t h i c  ceramics. The t r a n s f o r m a t i o n  o f  t h e  t e t r a g o n a l  z i r -  
con ia  phase i n  t h e  t e n s i l e  s t r e s s  f i e l d  ahead o f  an advancing c rack  t i p  r e -  
duces t h e  s e v e r i t y  o f  t h e  crack t i p  s t resses ,  t h e r e b y  s h i e l d i n g  i t  f rom t h e  
a p p l i e d  s t r e s s  f i e l d .  More t h a n  one mechanism i s  invo lved,  i n c l u d i n g  mic ro-  
c r a c k  generat ion,  c rack  d e f l e c t i o n ,  c r a c k  bowing, and t h e  energy absorbed by 
t h e  t r a n s f o r m a t i o n  process. The d ispersed t e t r a g o n a l  z i r c o n i a  phase i s  t h e  
a c t i v e  toughening phase, and i t s  r e t e n t i o n  and c o n t r o l  i s  t h e  key t o  ma in ta in -  
i n g  t h e  a t t r i b u t e s  o f  TTZ, and a necessary c o n d i t i o n  o f  i n s u r i n g  i t s  success- 
f u l  s t r u c t u r a l  use i n  advanced a d i a b a t i c  d i e s e l  engines. 
A comparison o f  t h e  two major  forms o f  t ransformat ion-toughened z i r c o n i a ,  
Mg-PSZ and Y-TZP, i s  p rov ided i n  Table 26. 
m a i n l y  t o  t h e  two mature forms o f  these m a t e r i a l s  i n v e s t i g a t e d  on t h i s  program 
(NGK 2-191 Y-TZP and N i l s e t i  MS Fly-PSZ). 
Zr02, e x i s t i n g  as a f i n e  i n t r a g r a n u l a r  d i s p e r s i o n  w i t h i n  l a r g e  c u b i c  y ra ins .  
Y-PSZ i s  100% t e t r a g o n a l  s i n g l e  phase (more c o r r e c t l y  r e f e r r e d  t o  as TZP, 
t e t r a g o n a l  z i r c o n i a  p o l y c r y s t a l s ) .  Both m a t e r i a l s  a r e  r e l a t i v e l y  dense, -5.8 
g cm-3, o r  -80% more dense than s i l i c o n - b a s e  ceramics. 
The i tems a r e  1 i s t e d  as appl  i e d  
Mg-PSZ c o n s i s t s  o f  -37% t e t r a g o n a l  
The TZP m a t e r i a l  (Y-PSZ) has a f i n e r  g r a i n  s i z e  (-2 vm vs. -50 and i s  
Both m a t e r i a l s  e x h i b i t  lrdeibull modul i  t h a t  a r e  h i g h  f o r  -40% h i g h e r  s t rength .  
ceramics (m -20). 
reduc t ion ,  whereas t h e  Mg-PSI s t r e n g t h  i s  reduced -50%. 
t h i  s i s  t h e  consequence o f  t h e  t e t r a g o n a l  p a r t i  c l  es /p rec i  p i  t a t e s  becoming more 
stab1 e w i t h  i n c r e a s i n g  temperature. Magnesi a - s t a b i l  i z e d  z i  r c o n i a  has h i g h e r  
f r a c t u r e  toughness (-10-12 MPa'mlj2) than t h e  y t t r i a - s t a b i l  i z e d  z i r c o n i a  (-8 
MPa'ml/2). 
o f  t h e  r e l a t i v e  s t r e n g t h  degradat ion.  Thermal expansion and e l a s t i c  modulus 
A t  1000°C t h e  Y-TZP s u f f e r s  -70% f a s t  f r a c t u r e  s t r e n g t h  
I n  b o t h  m a t e r i a l s ,  
As a f u n c t i o n  o f  temperature,  f r a c t u r e  toughness f o l l o w s  t h e  t r e n d  
TABLE 26. CONPARISON OF TWO MAJOR FORMS OF TRANSFORMATION-TOUGHENED Z I R C O N I A  
3% Mg-PSZ (TTZ) 
Cubic w i t h  te t ragona l  p r e c i p i t a t e s  
Large g r a i n  s i z e  (-50-75 
High d e n s i t y  (5.7 g cm-3) 
In te rmed ia te  s t r e n g t h  (90 k s i )  
High Weibul l  modulus (m = 25) 
50% s t r e n g t h  and toughness reduc- 
t i o n  a t  1000°C ( te t ragona l  l e s s  
metastable)  
Higher toughness (-10-12 MPa'm1'2) 
(58% c,  37% t, 5% m) 
Expansion, e l a s t i c  modulus -Y-PSZ 
Poor thermal s t a b i l i t y  - overaging 
30-70% s t reng th  reduc t i on  a f t e r  
1000 h r / l  000°C 
30-50% toughness reduc t i on  a f t e r  
Good creep res i s tance  
1000 h r/ 1 000 "C 
Creep, e l a s t i c  modulus una f fec ted  
by overaging 
phase changes 
I n t e r n a l  f r i c t i o n  peak a l t e r e d  by 
Apparent d e s t a b i l i z a t i o n  and de- 
cornposi t i o n  e f f e c t s  
Can be opt imized f o r  thermal shock 
Good s t a t i c  f a t i g u e  behavior (minimal 
t ime  dependence; f a i l  ut-e on c o o l i n g  
a t  IdS) 
through Ms n o t  de t r imen ta l )  
M s t  f a i l u r e s  r e l a t e  t o  t + m 
t ransformat ion:  major 1 i m i t a t i o n  
Time a t  tei: ipcrature r m s t  impor tdn t  
Thermal f a t i g u e  minimal ( c y c l i n g  

















A l l  t e t ragona l  ( s i n g l e  phase) 
F i n e  g r a i n  (1-5 ,m) 
High d e n s i t y  (5.9 g cm-3) 
High s t r e n g t h  (130 k s i )  
High Weibul l  modulus (m = 19) 
70% s t r e n g t h  and toughness re -  
d u c t i o n  a t  1000°C ( te t ragona l  
l e s s  metastable)  
S l i g h t l y  l o  e r  toughness 
Expansion, e l a s t i c  modulus 4 g -  
Long-term s t a b i l i t y  a t  ternpera- 
Only 7% s t r e n g t h  and toughness 
(-8 MPaml  7 2) 
PSZ 
t u r e  
r e d u c t i o n  a f t e r  1000 hr/lOOO"C 
Thermal expansion unchanged 
I n t e r n a l  f r i c t i o n  unchanged, 
Thermal d i f f u s i v i t y  - Mg-PSZ 
by  exposure 
peak a t  200°C 
P o t e n t i a l  degradat ion a t  200°C 
(water  vapor) ( n o t  i n v e s t i g a t e d  
on t h i s  program) 
Poor creep res i s tance  (Si0 
i n t e r y r a n u l  ar phase, f i n e '  
g r a i n )  
Excessive deformation a t  tem- 
pe ra tu re  a major problem 
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a r e  s i m i l a r  f o r  Mg- and Y-PSZ m a t e r i a l s .  Y t t r i a - s t a b i l i z e d  TTZ e x h i b i t s  a 
creep r a t e  more than an o r d e r  o f  magnitude h i g h e r  t h a n  magnes ia -s tab i l i zed  
TTZ. Water quench thermal shock r e s i s t a n c e  i s  h i g h e r  f o r  Y-PSZ, owing t o  i t s  
h i g h e r  s t rength .  
s p e c i f i c a l l y  t o  improve i t s  thermal  shock r e s i s t a n c e  (however, a t  t h e  expense 
o f  s t r e n g t h  and toughness). 
However, t h e  phase composi t ion o f  Mg-PSZ can be a l t e r e d  
Y-TZP has much b e t t e r  1 ong-term h i g h  temperature m i c r o s t r u c t u r a l  s t a b i l -  
i t y  compared t o  Mg-PSZ. T h i s  i s  summarized i n  F igures  111 and 112. A f t e r  
s t a t i c  thermal exposure f o r  1000 h r  a t  1000°C, t h e  r e s i d u a l  s t r e n g t h  o f  t h e  
TZP m a t e r i a l  was 93% o f  t h e  o r i g i n a l  s t rength .  Conversely, t h e  Mg-PSZ 
e x h i b i t e d  almost a 60% decrease i n  s t r e n g t h  a f t e r  1000 hr/100O0C exposure. 
S i m i l a r  behav io r  i s  observed f o r  t h e  f r a c t u r e  toughness o f  these two forms o f  
t ransformat ion- toughened z i  rconia.  The MgO-TTZ t e t r a g o n a l  p r e c i p i t a t e s  a r e  
very  prone t o  overaging w i t h  r e s u l t a n t  l o s s  of p r o p e r t i e s .  Th is  i s  v e r y  
e v i d e n t  i n  thermal expansion behavior ,  which i s  q u i t e  s e n s i t i v e  t o  d e t e c t i o n  
o f  any monoc l in ic  z i r c o n i a  present  i n  t h e  m i c r o s t r u c t u r e .  However, t h e  
e l a s t i c  modulus and creep behav io r  a r e  unaf fected by such overaging phenomena 
i n  Mg-PSZ. I n t e r e s t i n g l y ,  bo th  Mg-PSZ and Y-TZP degraded i n  thermal shock 
r e s i s t a n c e  an e q u i v a l e n t  amount ( t o  equal  AT^). 
For Y-TZP, t h e  o v e r r i d i n g  long- term problem i s  n o t  overaging and t h e  
r e s u l t i n g  t e t r a g o n a l  -to-monocl i n i c  phase t r a n s f o r m a t i o n  such as i s  found i n  
Mg-PSZ. Rather, h i g h  temperature deformat ion i s  t h e  c r i t i c a l  i ssue,  and i s  
thought  t o  be r e l a t e d  t o  t h e  f i n e  g r a i n  s i z e  and S i 0 2 - r i c h  i n t e r g r a n u l a r  
reg ions.  
o n a l ) .  
i s  unprotected from t h e  environment. 
d a t i o n  i n  t h e  presence o f  water vapor (a l though t h i s  i s s u e  was n o t  i n v e s t i -  
gated on t h i s  program). The t e t r a g o n a l  phase i n  Mg-PSZ i s  an i n t r a g r a n u l a r  
p r e c i p i t a t e ,  and thus  such environmental  problems would be expected t o  be l e s s  
pronounced. 
The Y-TZP i n v e s t i g a t e d  on t h i s  program was s i n g l e  phase ( t e t r a g -  
Thus, t h e  a c t i v e  t e t r a g o n a l  ?base t h a t  i s  r e s p o n s i b l e  f o r  toughening 
C e r t a i n  forms have shown severe degra- 
For  Mg-PSZ, a l l  f a i l u r e s  o r  d e f i c i e n c i e s  appear t o  be r e l a t e d  t o  unwanted 
te t ragonal - to-monocl  i n i c  phase t rans format ion .  The Mg-PSZ m a t e r i a l s  e x h i b i t e d  
r e l a t i v e l y  t i m e - i n v a r i a n t  s t r e n g t h  d u r i n g  2000 hr/100O0C s t a t i c  f a t i g u e  t e s t s .  
However, a l l  Mg-PSZ m a t e r i a l s  f a i l e d  when c o o l i n g  under l o a d  as t h e y  reached 
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A Coors Mg-PSZ (-32%) 
0 Feldrnuhle ZN-40 Mg-PSZ (-34%) 
0 N i  lsen MS Mg-PSZ (-46%) I 
NGK 2-191 Y-TZP (-6%) 
1 1 
As- Rece i ved 1000 hr/lOOO°C 
Exposure Condition 
Figure  111. F r a c t u r e  toughness  of z i r c o n i a  a t  25OC before and a f t e r  
1000 h r / l O O O ° C  thermal  e x p o s u r e .  
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t h e  Ms temperature.  These s t a t i c  f a t i g u e  r e s u l t s  i l l u s t r a t e  t h a t  ( a )  t h e  
convers ion  o f  any unconst ra ined t e t r a g o n a l  phase i n  t h e  Mg-PSZ s t r u c t u r e  t o  
t h e  m o n o c l i n i c  form a t  t h e  PIs temperature as t h e  m a t e r i a l  c o o l s  th rough t h e  
m a r t e n s i t i c  t r a n s f o r m a t i o n  reg ion,  and ( b )  l o s s  of t h e  c u b i c  phase by desta-  
b i l i z a t i o n  and decomposi t ion a r e  t h e  most c r i t i c a l  parameters f o r  long- term 
p r o p e r t y  degradat ion  and t h e  development o f  assoc ia ted  l i f e  p r e d i c t i o n  method- 
o logy  and s t r a t e g i e s .  
d i f f u s i o n ,  c a v i t y  n u c l e a t i o n ,  creep f r a c t u r e ,  s u b c r i t i c a l  c rack  growth, e tc .  
It i s  s imply  r e l a t e d  t o  c o n t r o l l i n g  t h e  phase assemblage o f  t h e  s t r u c t u r e ,  and 
p r e v e n t i n g  i t s  convers ion t o  monoc l in ic  as t h e  Ms temperature i s  reached upon 
c o o l i n g  f rom t h e  s e r v i c e  temperature o r  d u r i n g  i n - s e r v i c e  temperature excur-  
s ions  w h i l e  under load. 
The l i m i t i n g  long- term behav io r  i s  n o t  r e l a t e d  t o  b u l k  
Thermal f a t i g u e  t e s t s  were conducted by c y c l i n g  these m a t e r i a l s  1115 
t imes f rom 25" t o  1000°C. The r e s u l t s  i n d i c a t e  t h a t  t h e  t o t a l  t i m e  a t  1000°C 
i s  t h e  parameter t h a t  i s  most c o n t r o l l i n g  o f  t h e  phase degradat ion.  Repeated 
c y c l i n g  th rough t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  reg ion ,  where m i c r o c r a c k i n g  can 
occur,  does n o t  appear t o  be p a r t i c u l  a r l y  d e t r i m e n t a l  (however , s e v e r e l y  over-  
aged m a t e r i a l s  were not  sub jec ted  t o  t h e  thermal f a t i g u e  t e s t  on t h i s  
program). 
From t h e  p o i n t  o f  view o f  thermal des ign w i t h  t ransformat ion- toughened 
z i r c o n i a  f o r  a d i a b a t i c  d i e s e l  engine a p p l i c a t i o n s ,  i t  i s  noteworthy t h a t  t h e r e  
i s  no thermal b e n e f i t  o f  Y-TZP over Mg-PSZ--both forms o f  t r a n s f o r m a t i o n -  
toughened z i r c o n i a  have nomina l l y  e q u i v a l e n t  values of (room temperature)  
thermal d i f f u s i v i t y .  The increase i n  thermal d i f f u s i v i t y  f o r  Mg-PSZ upon 
long- term degradat ion,  however, i s  t y p i c a l l y  nominal ly  10-13%, b u t  can be as 
h i g h  as 40%. Th is  w i l l  c e r t a i n l y  a f f e c t  t h e  thermal performance o f  t h e  adia-  
b a t i c  system ( i f  no t  f i r s t  n o t i c e a b l e  i n  t h e  decreased mechanical performance 
due t o  t h e  concur ren t  d r a s t i c  decreases i n  s t r e n g t h  and toughness assoc ia ted  
w i t h  t h e  degradat ion) .  
The most u s e f u l  a n a l y t i c a l  t o o l  used t o  assess TT-Zr02 i s  XRD t o  q u a n t i f y  
t h e  phase assemblage. 
d a t i o n  o f  Mg-PSZ m a t e r i a l s .  Such mechanisms i n c l u d e  overaging, s t r e s s -  
a s s i s t e d  t rans format ion ,  decomposit ion, and d e s t a b i l i z a t i o n .  
exp la ined by t h e  convers ion  o f  t h e  o r i g i n a l  metas tab le  t e t r a g o n a l  t o  
Several mechanisms appear t o  be i n v o l v e d  i n  t h e  tlegra- 
Overaging i s  
21 e 
monocl in ic ,  D e s t a b i l i z a t i o n  and/or decomposition i s  i n d i c a t e d  by the  
conversion o f  t h e  o r i g i n a l  cubic  phase t o  monocl in ic.  
t rans format ions  (e.g., t -+ m, c + m) were detected f o r  exposed Mg-PSZ 
mate r ia l s  i nves t i ga ted  i n  t h i s  program. 
Both o f  these phase 
When cons ider ing  t h e  use o f  these ma te r ia l s  i n  des ign o f  s t r u c t u r a l  
components, t h e  ceramic techno log is t  would be wise t o  consider  on l y  r e l a t i v e l y  
low temperature app l i ca t i ons .  
to le rance and h igh  Weibul l  moduli. 
h i  gher probabi 1 i t y  o f  des i  yn acceptance compared t o  mono1 i t h i  c cerami cs. Li f e  
p r e d i c t i o n  methodologies should be based on the  phase s t r u c t u r e  (e.g., t e t r a g -  
onal r e t e n t i o n )  ra the r  than s t r i c t l y  on f l aw  s ize .  
There, t h e  h igh  toughness o f  TTZ leads t o  f l a w  
Therefore, these ma te r ia l s  have perhaps a 
From a ma te r ia l s  development standpoint ,  a p o t e n t i a l l y  f r u i t f u l  area o f  
research i s  t o  attempt t o  increase the  t rans format ion  reg ion  t o  temperatures 
wel l  above the  expected use temperatures. Increased long-term s t a b i l i t y  would 
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